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1. INTRODUCTION

The top quark, when it was finally discovered at Fermilab in 1995 [1, 2, 3], completed the three-
generation structure of the Standard Model (SM) and opened up the new field of top quark physics.
Viewed as just another SM quark, the top quark appears to be a rather uninteresting species. Produced
predominantly, in hadron-hadron collisions, through strong interactions, it decays rapidly without form-
ing hadrons, and almost exclusively through the single modet→Wb. The relevant CKM couplingVtb is
already determined by the (three-generation) unitarity ofthe CKM matrix. Rare decays and CP violation
are unmeasurably small in the SM.

Yet the top quark is distinguished by its large mass, about 35times larger than the mass of the
next heavy quark, and intriguingly close to the scale of electroweak (EW) symmetry breaking. This
unique property raises a number of interesting questions. Is the top quark mass generated by the Higgs
mechanism as the SM predicts and is its mass related to the top-Higgs-Yukawa coupling? Or does it play
an even more fundamental role in the EW symmetry breaking mechanism? If there are new particles
lighter than the top quark, does the top quark decay into them? Could non-SM physics first manifest
itself in non-standard couplings of the top quark which showup as anomalies in top quark production
and decays? Top quark physics tries to answer these questions.

Several properties of the top quark have already been examined at the Tevatron. These include
studies of the kinematical properties of top production [4], the measurements of the top mass [5, 6], of the
top production cross-section [7, 8], the reconstruction oftt̄ pairs in the fully hadronic final states [9, 10],
the study ofτ decays of the top quark [11], the reconstruction of hadronicdecays of theW boson from
top decays [12], the search for flavour changing neutral current decays [13], the measurement of the
W helicity in top decays [14], and bounds ontt̄ spin correlations [15]. Most of these measurements are
limited by the small sample of top quarks collected at the Tevatron up to now. The LHC is, in comparison,
a top factory, producing about 8 milliontt̄ pairs per experiment per year at low luminosity (10 fb−1/year),
and another few million (anti-)tops in EW single (anti-)topquark production. We therefore expect that
top quark properties can be examined with significant precision at the LHC. Entirely new measurements
can be contemplated on the basis of the large available statistics.

In this chapter we summarize the top physics potential of theLHC experiments. An important
aspect of this chapter is to document SM model properties of the top quark against which anomalous
behaviour has to be compared. In each section (with the exception of the one devoted to anomalous
couplings) we begin by summarizing SM expectations and review the current theoretical status on a
particular topic. This is followed by a detailed description of experimental analysis strategies in the
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context of the ATLAS and CMS experiments. Particular emphasis is given to new simulations carried
out in the course of this workshop. In detail, the outline of this chapter is as follows:

In Section 2. we summarizeSM precision calculationsof the top quark mass relationsand of the
total top quark width. We then recall the importance of the top quark mass in EW precision measure-
ments. We discuss, in particular, the role of EW precision measurements under the assumption that a SM
Higgs boson has been discovered.

Section 3. deals with thett̄ production process: expectations for and measurements of the total
cross section, the transverse momentum andtt̄ invariant mass distribution are discussed. A separate
subsection is devoted to EW radiative corrections tott̄ production, and to radiative corrections in the
Minimal Supersymmetric SM (MSSM).

The prospects for an accuratetop quark mass measurementare detailed in Section 4. Next to
“standard” measurements in the lepton+jets and di-lepton channels, two mass measurements are dis-
cussed that make use of the large number of top quarks available at the LHC: the selection of top quarks
with large transverse momentum in the lepton+jets channel and the measurement ofℓJ/ψ correlations
in t→ℓJ/ψX decays. This decay mode appears to be particularly promising and the systematic uncer-
tainties are analyzed in considerable detail.

Single top quark productionthrough EW interactions provides the only known way to directly
measure the CKM matrix elementVtb at hadron colliders. It also probes the nature of the top quark
charged current. In Section 5. the SM expectations for the three basic single top production mechanisms
and their detection are documented, including the possibility to measure the high degree of polarisation
in the SM.

The issue of top quark spin is pursued in Section 6. Here we summarize expectations onspin
correlations intt̄ production, the construction of observables sensitive to such correlations and the results
of a simulation study of di-lepton angular correlations sensitive to spin correlations. Possible non-SM
CP violating couplings of the top quark can be revealed through anomalous spin-momentum correlations
and are also discussed here.

As mentioned above, the search foranomalous (i.e. non-SM) interactionsis one of the main moti-
vations for top quark physics. In Section 7. the sensitivityof the LHC experiments to the following cou-
plings is investigated:gtt̄ couplings and anomalousWtb couplings in top production, flavour-changing
neutral currents (FCNCs) in top production and decay.

Section 8. is devoted torare top decays. The SM expectations for radiative top decays and FCNC
decays are documented. Decay rates large enough to be of interest require physics beyond the SM.
The two Higgs Doublet Models, the MSSM and generic anomalouscouplings are considered explicitly
followed by ATLAS and CMS studies on the expected sensitivity in particular decay channels.

Finally, the measurement of thetop quark Yukawa coupling intt̄H productionis considered (Sec-
tion 9.). The SM cross sections are tabulated in the various production channels at the LHC. For the case
of a low mass Higgs boson, the results of a realistic study using a simulation of the ATLAS detector are
discussed.

The following topics are collected in the appendices:b-quark tagging and the calibration of the
jet energy scale in top events; the direct measurement of thetop quark spin (as opposed to that of a top
squark) and and of top quark electric charge; the total crosssection for production of a fourth genera-
tion heavy quark; a compendium of Monte Carlo event generators available for top production and its
backgrounds.

The internal ATLAS and CMS notes quoted in the bibliography can be obtained from the collab-
orations’ web pages [16, 17]. Updated versions of this document, as well as a list of addenda and errata,
will be available on the web page of the LHC Workshop top working group [18].
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2. TOP QUARK PROPERTIES AND ELECTROWEAK PRECISION MEASUREMENTS1

The top quark is, according to the Standard Model (SM), a spin-1/2 and charge-2/3 fermion, transform-
ing as a colour triplet under the groupSU(3) of the strong interactions and as the weak-isospin partner
of the bottom quark. None of these quantum numbers has been directly measured so far, although a
large amount of indirect evidence supports these assignments. The analysis of EW observables inZ0

decays [19] requires the existence of aT3 = 1/2, charge-2/3 fermion, with a mass in the range of
170 GeV, consistent with the direct Tevatron measurements.The measurement of the total cross section
at the Tevatron, and its comparison with the theoretical estimates, are consistent with the production of
a spin-1/2 and colour-triplet particle. The LHC should provide a direct measurement of the top quantum
numbers. We present the results of some studies in this direction in Appendix B.

2.1 Top quark mass and width

In addition to its quantum numbers, the two most fundamentalproperties of the top quark are its massmt

and widthΓt, defined through the position of the single particle polem⋆
t = mt−iΓt/2 in the perturbative

top quark propagator. In the SMmt is related to the top Yukawa coupling:

yt(µ) = 23/4G
1/2
F mt (1 + δt(µ)) , (1)

whereδt(µ) accounts for radiative corrections. Besides the top quark pole mass, the top quarkMS mass
mt(µ) is often used. The definition ofmt(µ) including EW corrections is subtle (see the discussion in
[20]). As usually done in the literature, we define theMS mass by including only pure QCD corrections:

mt(µ) = mt (1 + δQCD(µ))−1 . (2)

The conversion factorδQCD(µ) is very well known [21]. Definingmt = mt(mt) andas = αMS
s (mt)/π,

we have

δQCD(mt) =
4

3
as + 8.2366 a2

s + 73.638 a3
s + . . .

= (4.63 + 0.99 + 0.31 + 0.11+0.11
−0.11)% = (6.05+0.11

−0.11)%. (3)

This assumes five massless flavours besides the top quark and we useas = 0.03475 which corresponds
to αMS

s (mZ) = 0.119 andmt = 165 GeV. The error estimate translates into an absolute uncertainty
of ±180 MeV in mt −mt and uses an estimate of the four-loop contribution. Note that the difference
between the two mass definitions,mt − mt, is about10 GeV. This means that any observable that is
supposed to measure a top quark mass with an accuracy of1–2 GeV and which is known only at leading
order (LO) must come with an explanation for why higher ordercorrections are small when the observ-
able is expressed in terms of that top quark mass definition that it is supposed to determine accurately.
We will return to this point in Section 4.

The on-shell decay widthΓt is less well known, but the theoretical accuracy (< 1%) is more than
sufficient compared to the accuracy of foreseeable measurements. The decay throught→bW is by far
dominant and we restrict the discussion to this decay mode. It is useful to quantify the decay width in
units of the lowest order decay width withMW andmb set to zero and|Vtb| set to 1:

Γ0 =
GFm

3
t

8π
√

2
= 1.76 GeV. (4)

IncorporatingMW the leading order result reads

ΓLO(t→bW )/|Vtb|2 = Γ0

(

1 − 3
M4
W

m4
t

+ 2
M6
W

m6
t

)

= 0.885Γ0 = 1.56 GeV. (5)

1Section coordinators: M. Beneke, G. Weiglein.
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Table 1: Corrections to the top quark widthΓ0 (MW = 0, lowest order) in units ofΓ0. The best estimate ofΓ(t→bW )/|Vtb|2

is obtained by adding all corrections together. Parameters: as = 0.03475, MW = 80.4 GeV andmt = 175 GeV.

MW 6= 0 correction at lowest order, see (5)−11.5%

αs correction,MW = 0 −9.5%

αs correction,MW 6= 0 correction +1.8%

α2
s correction,MW = 0 [22, 23] −2.0%

α2
s correction,MW 6= 0 correction [23] +0.1%

EW correction [24] +1.7%

The correction for non-vanishing bottom quark mass is about−0.2% in units ofΓ0. Likewise corrections
to treating theW boson as a stable particle are negligible. Radiative corrections are known to second
order in QCD and to first order in the EW theory. Table 1 summarises the known corrections to the
limiting case (4). Putting all effects together we obtain:

Γ(t→bW )/|Vtb|2 ≈ 0.807Γ0 = 1.42 GeV. (6)

The top quark lifetime is small compared to the time scale forhadronisation [25]. For this reason, top-
hadron spectroscopy is not expected to be the subject of LHC measurements.

2.2 Role of mt in EW precision physics

The EW precision observables serve as an important tool for testing the theory, as they provide an impor-
tant consistency test for every model under consideration.By comparing the EW precision data with the
predictions (incorporating quantum corrections) within the SM or its extensions, most notably the mini-
mal supersymmetric extension of the Standard Model (MSSM) [26], it is in principle possible to derive
indirect constraints on all parameters of the model. The information obtained in this way, for instance, on
the mass of the Higgs boson in the SM or on the masses of supersymmetric particles is complementary
to the information gained from the direct production of these particles.

In order to derive precise theoretical predictions, two kinds of theoretical uncertainties have to
be kept under control: the uncertainties from unknown higher-order corrections, as the predictions are
derived only up to a finite order in perturbation theory, and the parametric uncertainties caused by the
experimental errors of the input parameters. The top quark mass enters the EW precision observables as
an input parameter via quantum effects, i.e. loop corrections. As a distinctive feature, the large numerical
value ofmt gives rise to sizable corrections that behave as powers ofmt. This is in contrast to the
corrections associated with all other particles of the SM. In particular, the dependence on the mass of the
Higgs boson is only logarithmic in leading order and therefore much weaker than the dependence onmt.
In the MSSM large corrections from SUSY particles are only possible for large splittings in the SUSY
spectrum, while the SUSY particles in general decouple for large masses.

The most importantmt-dependent contribution to the EW precision observables inthe SM and
the MSSM enters via the universal parameter∆ρ which is proportional tom2

t [27],

∆ρ =

(

ΣZ(0)

M2
Z

− ΣW (0)

M2
W

)

t,b

= NC
α

16πs2W c
2
W

m2
t

M2
Z

, (7)

where the limitmb→0 has been taken,sW (cW ) is the sin (cos) of the weak mixing angle, andΣZ(0)
andΣW (0) indicate the transverse parts of the gauge-boson self-energies at zero momentum transfer.

The theoretical prediction forMW is obtained from the relation between the vector-boson masses
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and the Fermi constant,

M2
W

(

1 − M2
W

M2
Z

)

=
πα√
2GF

(1 + ∆r) , (8)

where the quantity∆r [28] is derived from muon decay and contains the radiative corrections. At one-

loop order,∆r can be written as∆r = ∆α− c2
W

s2
W

∆ρ+ (∆r)nl, where∆α contains the large logarithmic

contributions from the light fermions, and the non-leadingterms are collected in(∆r)nl.

The leptonic effective weak mixing angle is determined fromthe effective couplings of the neu-

tral current at the Z-boson resonance to charged leptons,JNC
µ =

(√
2GFM

2
Z

)1/2
[gV γµ − gAγµγ5],

according to

sin2 θlept
eff =

1

4

(

1 − Re(gV )

Re(gA)

)

. (9)

In sin2 θlept
eff the leadingmt-dependent contributions enter viaδ sin2 θlept

eff = −(c2W s
2
W )/(c2W − s2W )∆ρ.

The precision observablesMW andsin2 θlept
eff are currently known with experimental accuracies of

0.05% and0.07%, respectively [19]. The accuracy inMW will be further improved at the LHC by about
a factor of three (see the EW chapter of this Yellow Report). Besides the universal correction∆ρ, there is
also a non-universal correction proportional tom2

t in theZbb̄ coupling, which however is less accurately
measured experimentally compared toMW andsin2 θlept

eff . The strong dependence of the SM radiative
corrections to the precision observables on the input valueof mt made it possible to predict the value of
mt from the precision measurements prior to its actual experimental discovery, and the predicted value
turned out to be in remarkable agreement with the experimental result [5, 6].

Within the MSSM, the mass of the lightest CP-even Higgs boson, mh, is a further observable
whose theoretical prediction strongly depends onmt. While in the SM the Higgs-boson mass is a free
parameter,mh is calculable from the other SUSY parameters in the MSSM and is bounded to be lighter
thanMZ at the tree level. The dominant one-loop corrections arise from the top and scalar-top sector via
terms of the formGFm4

t ln(mt̃1
mt̃2

/m2
t ) [29]. As a rule of thumb, a variation ofmt by 1 GeV, keeping

all other parameters fixed, roughly translates into a shift of the predicted value ofmh by 1 GeV. If the
lightest CP-even Higgs boson of the MSSM will be detected at the LHC, its mass will be measurable
with an accuracy of about∆mh = 0.2 GeV [30].

Due to the sensitive dependence of the EW precision observables on the numerical value ofmt,
a high accuracy in the input value ofmt is very important for stringent consistency tests of a model,
for constraints on the model’s parameters (e.g. the Higgs boson mass within the SM), and for a high
sensitivity to possible effects of new physics. It should benoted that this calls not only for a high
precision in the experimental measurement of the top quark mass, but also for a detailed investigation
of how the quantity that is actually determined experimentally is related to the parametermt used as
input in higher-order calculations. While these quantities are the same in the simplest approximation,
their relation is non-trivial in general due to higher-order contributions and hadronisation effects. A
further discussion of this problem, which can be regarded asa systematic uncertainty in the experimental
determination ofmt, is given in Section 4.

2.3 Physics gain from improving ∆mt from ∆mt = 2 GeV to ∆mt = 1 GeV

During this workshop the question was investigated of how much information one could gain from the
EW precision observables by improving the experimental precision inmt from ∆mt = 2 GeV, reachable
within the first year of LHC running (see Section 4.2), to∆mt = 1 GeV, possibly attainable on a longer
time scale (see Section 4.6).

In order to analyse this question quantitatively, we have considered the case of the SM and the
MSSM and assumed that the Higgs boson has been found at the LHC. For the uncertainty in∆αhad (the
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Table 2: Comparison of the current theoretical uncertaintyfrom unknown higher-order corrections (∆theo) in MW and

sin2 θlept
eff with the parametric uncertainties from the error in∆αhad andmt.

∆theo δ(∆αhad) = 0.00016 ∆mt = 2 GeV ∆mt = 1 GeV

∆MW /MeV 6 3.0 12 6.1

∆ sin2 θlept
eff × 105 4 5.6 6.1 3.1

hadronic contribution to the electromagnetic coupling at the scaleMZ) we have adoptedδ(∆αhad) =
0.00016, which corresponds to the “theory driven” analyses of [31].

Concerning the current theoretical prediction forMW andsin2 θlept
eff in the SM, the theoretical un-

certainty from unknown higher-order corrections has been estimated to be about∆MW = 6 MeV and
∆ sin2 θlept

eff = 4 × 10−5 [32]. In Table 2 the theoretical uncertainties forMW andsin2 θlept
eff from un-

known higher-order corrections are compared with the parametric uncertainty from the input parameters
∆αhad andmt for ∆mt = 2 GeV as well as∆mt = 1 GeV. The parametric uncertainties from the other
parameters, supposing that the SM Higgs boson has been foundat the LHC in the currently preferred
range, are negligible compared to the uncertainties from∆αhad andmt. The resulting uncertainties in
MW andsin2 θlept

eff have been obtained using the parameterisation of the results for these quantities given
in [33]. As can be seen in the table, for∆mt = 2 GeV the parametric uncertainty inmt gives rise to the
largest theoretical uncertainty in both precision observables. While forsin2 θlept

eff the uncertainty induced
from the error inmt is comparable to the one from the error in∆αhad, for MW the uncertainty from
the error inmt is twice as big as the one from unknown higher-order corrections and four times as big
as the one from the error in∆αhad. A reduction of the error from∆mt = 2 GeV to ∆mt = 1 GeV
will thus mainly improve the precision in the prediction forMW . The uncertainty induced inMW by
∆mt = 1 GeV is about the same as the current uncertainty from unknownhigher-order corrections.
The latter uncertainty can of course be improved by going beyond the present level in the perturbative
evaluation of∆r.

In Fig. 1 the theoretical predictions forMW andsin2 θlept
eff (see [34] and references therein) are

compared with the expected accuracies for these observables at LEP2/Tevatron and at the LHC (for the
central values, the current experimental values are taken). The parametric uncertainties corresponding to
δ(∆αhad) = 0.00016 and∆mt = 2 GeV,∆mt = 1 GeV are shown for two values of the Higgs boson
mass,mH = 120 GeV andmH = 200 GeV, and the present theoretical uncertainty is also indicated
(heremH is varied within 100 GeV≤ mH ≤ 400 GeV and∆mt = 5.1 GeV). The figure shows that,
assuming that the Higgs boson will be discovered at the LHC, the improved accuracy inmt andMW at
the LHC will allow a stringent consistency test of the theory. A reduction of the experimental error inmt

from ∆mt = 2 GeV to∆mt = 1 GeV leads to a sizable improvement in the accuracy of the theoretical
prediction. In view of the precision tests of the theory a further reduction of the experimental error in
MW andsin2 θlept

eff would clearly be very desirable.

While within the MSSM the improved accuracy inmt andMW at the LHC will have a similar
impact on the analysis of the precision observables as in theSM, the detection of the mass of the lightest
CP-even Higgs boson will provide a further stringent test ofthe model. The prediction formh within
the MSSM is particularly sensitive to the parameters in thet–t̃ sector, while in the region of largeMA

and largetan β (giving rise to Higgs masses beyond the reach of LEP2) the dependence on the latter two
parameters is relatively mild. A precise measurement ofmh can thus be used to constrain the parameters
in thet–t̃ sector of the MSSM.

In Fig. 2 it is assumed that the mass of the lightest scalar topquark,mt̃1
, is known with high

precision, while the mass of the heavier scalar top quark,mt̃2
, and the mixing angleθt̃ are treated as free

parameters. The Higgs boson mass is assumed to be known with an experimental precision of±0.5 GeV
and the impact of∆mt = 2 GeV and∆mt = 1 GeV is shown (the theoretical uncertainty in the Higgs-
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Fig. 1: The SM prediction in theMW –sin2 θlept
eff plane is compared with the expected experimental accuracy at LEP2/Tevatron

(∆MW = 30 MeV, sin2 θlept
eff = 1.7 × 10−4) and at the LHC (∆MW = 15 MeV, sin2 θlept

eff = 1.7 × 10−4). The theoretical

uncertainties induced byδ(∆αhad) = 0.00016 and∆mt = 2 GeV (full line) as well as∆mt = 1 GeV (dashed line) are

shown for two values of the Higgs boson massmH .
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m t2 
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mt = 174.3 GeV

tanβ = 40, MA = 800 GeV, mg ~ = 500 GeV

mt1 
 ~ = 500 GeV, 120 GeV < mh < 121 GeV

Fig. 2: Indirect constraints on the parameters of the scalartop sector of the MSSM from the measurement ofmh at the LHC.

The effect of the experimental error inmt is shown for∆mt = 2 GeV and∆mt = 1 GeV.
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mass prediction from unknown higher-order contributions and the parametric uncertainties besides the
ones induced bymt̃2

, θt̃ andmt have been neglected here). The two bands represent the values ofmt̃2
, θt̃

which are compatible with a Higgs-mass prediction ofmh = 120.5±0.5 GeV, where the two-loop result
of [35] has been used (the bands corresponding to smaller andlarger values ofmt̃2

are related to smaller
and larger values of the off-diagonal entry in the scalar topmixing matrix, respectively). Combining the
constraints on the parameters in the scalar top sector obtained in this way with the results of the direct
search for the scalar top quarks will allow a sensitive test of the MSSM. As can be seen in the figure, a
reduction of∆mt from ∆mt = 2 GeV to∆mt = 1 GeV will lead to a considerable reduction of the
allowed parameter space in themt̃2

–θt̃ plane.

3. tt̄ PRODUCTION AT THE LHC2

The determination of the top production characteristics will be one of the first measurements to be carried
out with the large statistics available at the LHC. The largetop quark mass ensures that top production
is a short-distance process, and that the perturbative expansion, given by a series in powers of the small
parameterαS(mt) ∼ 0.1, converges rapidly. Because of the large statistics (of theorder of107 top quark
pairs produced per year), the measurements and their interpretation will be dominated by experimen-
tal and theoretical systematic errors. Statistical uncertainties will be below the percent level for most
observables. It will therefore be a severe challenge to reduce experimental and theoretical systematic
uncertainties to a comparable level. In addition to providing interesting tests of QCD, accurate studies of
the top production and decay mechanisms will be the basis forthe evaluation of the intrinsic properties
of the top quark and of its EW interactions. An accurate determination of the production cross section,
for example, provides an independent indirect determination ofmt. Asymmetries in the rapidity distri-
butions of top and antitop quarks [36] are sensitive to the light-quark parton distribution functions of the
proton. Anomalies in the totaltt̄ rate would indicate the presence of non-QCD production channels, to be
confirmed by precise studies of the top quark distributions (e.g.pT andtt̄ invariant mass spectra). These
would be distorted by the presence of anomalous couplings ors-channel resonances expected in several
beyond-the-SM (BSM) scenarios. Parity-violating asymmetries (for example in the rapidity distributions
of right and left handed top quarks) are sensitive to the top EW couplings, and can be affected by the
presence of BSM processes, such as the exchange of supersymmetric particles. As already observed at
the Tevatron [5, 6], the structure of thett̄ final state affects the direct determination ofmt. Initial and
final-state gluon radiation do in fact contribute to the amount of energy carried by the jets produced in
the decay of top quarks, and therefore need to be taken into proper account when jets are combined to
extractmt. The details of the structure of these jets (e.g. their fragmentation function and their shapes),
will also influence the experimental determination of the jet energy scales (important for the extraction
of mt), as well as the determination of the efficiency with whichb-jets will be tagged (important for the
measurement of the production cross section).

It is therefore clear that an accurate understanding of the QCD dynamics is required to make full
use of the rich statistics oftt̄ final states in the study of the SM properties of top quarks, aswell as to
explore the presence of possible deviations from the SM. In this section we review the current state of the
art in predicting the production properties for top quark pairs (for a more detailed review of the theory of
heavy quark production, see [37]). The study of single top production will be presented in Section 5.

3.1 Tools for QCD calculations

Full next-to-leading-order (NLO,O(α3
S)) calculations are available for the following quantities:

1. Total cross sections [38]

2. Single-inclusivepT andy spectra [39]

3. Double-differential spectra (mtt̄, azimuthal correlations∆Φ, etc.) [40]
2Section coordinators: M.L. Mangano, D. Wackeroth, M. Cobal(ATLAS), J. Parsons (ATLAS).
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All of the above calculations are available in the form of Fortran programs [40, 41], so that kinematical
distributions can be evaluated at NLO [42] even in the presence of analysis cuts.

Theoretical progress over the last few years has led to the resummation of Sudakov-type loga-
rithms [43] which appear at all orders in the perturbative expansion for the total cross sections [44, 45].
More recently, the accuracy of these resummations has been extended to the next-to-leading logarithmic
(NLL) level [46, 47]. For a review of the theoretical aspectsof Sudakov resummation, see the QCD
chapter of this report. As will be shown later, while the inclusion of these higher-order terms does not
affect significantly the total production rate, it stabilises the theoretical predictions under changes in the
renormalisation and factorisation scales, hence improving the predictive power.

Unfortunately, the results of these resummed calculationsare not available in a form suitable to
implement selection cuts, as they only provide results for total cross-sections, fully integrated over all
of phase space. The formalism has been generalised to the case of one-particle inclusive distributions
in [48], although no complete numerical analyses have been performed yet.

The corrections ofO(α3
S) to the full production and decay should include the effect ofgluon

radiation off the quarks produced in the top decay. Interference effects are expected to take place between
soft gluons emitted before and after the decay, at least for gluon energies not much larger than the top
decay width. While these correlations are not expected to affect the measurement of generic distributions,
even small soft-gluon corrections can have an impact on the determination of the top mass. Matrix
elements for hard-gluon emission intt̄ production and decay (pp̄→W+bW−b̄g, with t andt̄ intermediate
states) are implemented in a parton-level generator [49]. The one-gluon emission off the light quarks
from theW decays was implemented, in the soft-gluon approximation, in the parton-level calculation
of [50].

The above results refer to the production of top quarks treated as free, stable partons. Parton-
shower Monte Carlo programs are available (HERWIG [51], PYTHIA [52], ISAJET [53]) for a complete
description of the final state, including the full development of the perturbative gluon shower from both
initial and final states, the decay of the top quarks, and the hadronisation of the final-state partons. These
will be reviewed in Appendix D. Recently,O(αS) matrix element corrections to the decay of the top
quark (t→Wbg) have been included in theHERWIG Monte Carlo [54]. The impact of these corrections
will be reviewed in Sections 3.3 and 4.62.

3.2 Total tt̄ production rates

In this section we collect the current theoretical predictions for cross sections and distributions, pro-
viding our best estimates of the systematic uncertainties.The theoretical uncertainties we shall consider
include renormalisation (µR) and factorisation (µF ) scale variations, and the choice of parton distribution
functions (PDF’s);

We shall explore the first two by varying the scales over the rangeµ0/2 < µ < 2µ0, where
µ = µR = µF and

• µ0 = mt for the total cross sections

• µ0 =
√

m2
t + p2

T for single inclusive distributions

• µ0 =
√

m2
t + (p2

T,t + p2
T,t̄)/2 for double inclusive distributions

In the case of PDF’s, we shall consider the latest fits of the CTEQ [55] and of the MRST [56, 57] groups:

• MRST (αS(MZ) = 0.1175, 〈kT 〉 = 0.4 GeV) (default)

• MRST(g ↓) (αS = 0.1175, 〈kT 〉 = 0.64 GeV)

• MRST(g ↑) (αS = 0.1175, 〈kT 〉 = 0)

• MRST(αS ↓↓) (αS = 0.1125, 〈kT 〉 = 0.4 GeV)
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Fig. 3: tt̄ production rates. Left: scale dependence at fixed order (NLO, dashed lines in the lower inset), and at NLO+NLL

(solid lines). Right: PDF dependence. See the text for details.

• MRST(αS ↑↑) (αS = 0.1225, 〈kT 〉 = 0.4 GeV)

• CTEQ5M (αS = 0.118)

• CTEQ5HJ (αS = 0.118, enhanced weight for Tevatron high-ET jets)

• CTEQ5HQ (αS = 0.118, using the ACOT heavy flavour scheme [58].)
All our numerical results relative to the MRST sets refer to the updated fits provided in [57]. These give
total rates which are on average 5% larger than the fits in [56]. The totaltt̄ production cross section is
given in Fig. 3, as a function of the top mass. As a reference set of parameters, we adoptµ0 = mt and
MRST. Full NLO+NLL corrections are included. The upper inset shows the dependence of the cross
section on the top mass. A fit to the distribution shows that∆σ/σ ∼ 5∆mt/mt. As a result, a 5% mea-
surement of the total cross section is equivalent to a 1% determination ofmt (approximately 2 GeV).
As will be shown later on, 2 GeV is a rather safe estimate of theexpected experimental accuracy in the
determination ofmt (1 GeV being the optimistic ultimate limit). It follows that5% should be a minimal
goal in the overall precision for the measurement ofσ(tt̄). The scale uncertainty of the theoretical pre-
dictions is shown in the lower inset of Fig. 3. The dashed lines refer to the NLO scale dependence, which
is of the order of±12%. The dotted lines refer to the inclusion of the NLL corrections, according to the
results of [47]. The solid lines include the resummation of NLL effects, but assume a different structure
of yet higher order (NNLL) corrections, relative to those contained in the reference NLL results (this is
indicated by the value of theA parameter equal to 2, see [47] for the details). The scale uncertainty, after
inclusion of NLL corrections, is significantly reduced. In the most conservative case ofA = 2, we have a
±6% variation. A detailed breakdown of the NLOO(α2

S + α3
S) and higher-orderO(α≥4

S ) contributions,
as a function of the scale and of the value of the parameterA, is given in Table 3. A recent study [59]
of resummation effects on the total cross section for photo-and hadro-production of quarkonium states
indicates that allowingµR 6= µF increases the scale dependence of the NLL resummed cross-sections
to almost match the scale dependence of the NLO results [60].Preliminary results of this study also
suggest a similar increase of scale dependence in the case oftt̄ production, ifµR andµF are varied inde-
pendently. This dependence can however be reduced by replacing µR with µF as the argument ofαS in
the sub-leading coefficients of the resummed exponent [61].

The PDF dependence is shown on the right hand side of Fig. 3, and given in detail formt =
175 GeV in Table 4. The current uncertainty is at the level of±10%. Notice that the largest deviations
from the default set occur for sets using different input values ofαS(MZ). The difference between the
reference sets of the two groups (MRST and CTEQ5M) is at the level of 3%. It is interesting to explore
potential correlations between the PDF dependence of top production, and the PDF dependence of other
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Table 3: Resummation contributions to the totaltt̄ cross-sections (mt = 175 GeV) in pb. PDF set MRST.

NLL resummed, A=2 NLL resummed, A=0

µR = µF NLO O(α≥4
S ) NLO+NLL O(α≥4

S ) NLO+NLL

mt/2 890 −7 883 −12 878

mt 796 29 825 63 859

2mt 705 77 782 148 853

Table 4: Totaltt̄ cross-sections (mt = 175 GeV) in pb. NLO+NLL (A = 0).

PDF µ = mt/2 µ = mt µ = 2mt

MRST 877 859 853

MRSTg ↑ 881 862 857

MRSTg ↓ 876 858 852

MRSTαS ↓ 796 781 777

MRSTαS ↑ 964 942 934

CTEQ5M 904 886 881

CTEQ5HJ 905 886 881

processes induced by initial states with similar parton composition and range inx. One such example is
given by inclusive jet production. Fig. 4 shows the initial-state fraction of inclusive jet final states (with
|η| < 2.5) as a function of the jet-ET threshold. For values ofET ∼ 200 GeV, 90% of the jets come
from processes with at least one gluon in the initial state. This fraction is similar to that present intt̄
production, where 90% of the rate is due togg collisions. On the right side of Fig. 4 we show the double
ratios:

[

σ(tt̄)/σ(jet, ET > Emin
T )

]

PDF
[

σ(tt̄)/σ(jet, ET > Emin
T )

]

MRST

(10)

As the plot shows, there is a strong correlation between the PDF dependences of the two processes. The
correlation is maximal forEmin

T ∼ 200 GeV, as expected, since for this value the flavour composition of
the initial states and the range of partonic momentum fractions probed in the two production processes are
similar. In the range180 <∼ E

min
T

<∼ 260 GeV the PDF dependence of the ratioσ(tt̄)/σ(jet, ET > Emin
T )

is reduced to a level of±1%, even for those sets for which the absolute top cross-section varies by±10%.
The jet cross-sections were calculated [62] using a scaleµjet = ET ≡ µjet0 . If we vary the scales fortt̄
and jet production in a correlated way (i.e. selectingµjet/µjet0 = µtt̄/µtt̄

0 ), no significant scale depen-
dence is observed. There is however no a-priori guarantee that the scales should be correlated. Unless
this correlation can be proved to exist, use of the inclusive-jet cross section to normalise thett̄ cross sec-
tion will therefore leave a residual systematic uncertainty which is no smaller than the scale dependence
of the jet cross section. We do not expect this to become any smaller than the PDF dependence in the
near future.

Combining in quadrature the scale and PDF dependence of the total tt̄ cross section, we are left
with an overall 12% theoretical systematic uncertainty, corresponding to a 4 GeV uncertainty on the
determination of the top mass from the total cross section.

3.3 Kinematical properties of tt̄ production

We start from the most inclusive quantity, the toppT spectrum. The NLO predictions are shown in Fig. 5.
Here we also explore the dependence on scale variations and on the choice of PDF. The uncertainties are

11



Fig. 4: Left: initial state composition in inclusive jet events, as a function of the jetET (|η| < 2.5). Right: PDF dependence of

the top-to-jet cross-section ratio, as a function of the minimum jetET .

Fig. 5: Inclusive toppT spectrum. Left: scale and PDF dependence at NLO. Right: event rates above a givenpT threshold.

±15% and±10%, respectively. The reconstruction of top quarks and theirmomenta, as well as the
determination of the reconstruction efficiencies and of thepossible biases induced by the experimental
selection cuts, depend on the detailed structure of the finalstate. It is important to verify that inclusive
distributions as predicted by the most accurate NLO calculations are faithfully reproduced by the shower
Monte Carlo calculations, used for all experimental studies. This is done in Fig. 6, where the NLO
calculation is compared to the result of theHERWIG Monte Carlo, after a proper rescaling by an overall
constantK-factor. The bin-by-bin agreement between the two calculations is at the level of 10%, which
should be adequate for a determination of acceptances and efficiencies at the percent level.

Similar results are obtained for the invariant mass distribution of top quark pairs, shown in the
plot of Fig. 6. The scale and PDF dependence of the NLO calculation are similar to those found for the
inclusivepT spectrum, and are not reported in the figure.

Contrary to the case of inclusivepT andMtt̄ spectra, other kinematical distributions show large
differences when comparing NLO and Monte Carlo results [42]. This is the case of distributions which
are trivial at LO, and which are sensitive to Sudakov-like effects, such as the azimuthal correlations or the
spectrum of thett̄ pair transverse momentumptt̄

T . These two distributions are shown in the two plots of
Fig. 7. Notice that the scale uncertainty at NLO is larger forthese distributions than for previous inclusive

12



Fig. 6: Comparison of NLO and (rescaled)HERWIGspectra. Left: inclusive toppT spectrum. Right: inclusiveMtt̄ spectrum.

Fig. 7: Left: azimuthal correlation between thet andt̄. Right: integrated transverse momentum spectrum of the topquark pair.

Continuous lines correspond to the parton-level NLO calculation, for different scale choices; the plots correspond tothe result

of theHERWIGMonte Carlo.

quantities. These kinematical quantities are in fact trivial atO(α2
S) (proportional toδ-functions), and

their evaluation atO(α3
S) is therefore not a true NLO prediction. The regionsptt̄

T→0 and∆φ→π are
sensitive to multiple soft-gluon emission, and the differences between the NLO calculation (which only
accounts for the emission of one gluon) and the Monte Carlo prediction (which includes the multi-gluon
emission) is large. The regionptt̄

T ≫ mt is vice-versa sensitive to the emission of individual hard gluons,
a process which is more accurately accounted for by the fullO(α3

S) matrix elements included in the
NLO calculation than by the Monte Carlo approach. Notice that the average value ofptt̄

T is quite large,
above 50 GeV. This is reasonable, as it is of the order ofαS times the average value of the hardness of
the process (〈Mtt̄〉 ∼ 540 GeV). It is found that this large transverse momentum is compensated by the
emission of a jet recoiling against the top pair, with a smaller fraction of events where theptt̄

T comes
from emission of hard gluons from the final state top quarks. The large-ptt̄

T discrepancy observed in
Fig. 7 should be eliminated once the matrix element corrections to top production will be incorporated
in HERWIG, along the lines of the work done for Drell-Yan production in[63].

Emission of extra jets is also expected from the evolution ofthe decay products of the top quarks
(b’s, as well as the jets from the hadronicW decays). Gluon radiation off the decay products is included
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Fig. 8: Left: Distributions of the minimum invariant opening angle∆R among the three hardest jets, with (HERWIG 6.1,

solid line) and without (6.0, dotted) matrix element corrections in thet→bW decay. Right: jet multiplicity distributions.

in the shower Monte Carlo calculations. In the case of the latest version ofHERWIG (v6.1) [51], the
emission of the hardest gluon from theb quarks is evaluated using the exact matrix elements [54]. This
improvement, in addition to a few bug fixes, resolve the discrepancies uncovered in [49] between an
exact parton level calculation and previous versions ofHERWIG. The matrix-element corrections do not
alter significantly most of the inclusive jet observables. As examples, we show in Fig. 8 the∆R and the
jet multiplicity distributions for events where bothW ’s decay leptonically. More details can be found
in [64]. Jets are defined using thekT algorithm [65], with radius parameterR = 1. As can be seen,
the impact of the exact matrix element corrections is limited, mostly because the extra-jet emission is
dominated by initial-state radiation.

The impact on quantities which more directly affect the determination of the top mass remains
to be fully evaluated. Given the large rate of high-ET jet emissions, their proper description will be a
fundamental ingredient in the accurate reconstruction of the top quarks from the final state jets, and in the
determination of the top quark mass. A complete analysis will only be possible once the matrix element
corrections to thett̄ production will be incorporated in the Monte Carlos. Work inthis direction is in
progress (G. Corcella and M.H. Seymour).

3.4 Non-QCD radiative corrections to tt̄ production

The production and decay of top quarks at hadron colliders isa promising environment for the detection
and study of loop induced SUSY effects: at the parton level there is a large center of mass energyŝ
available and owing to its large mass, the top quark stronglycouples to the (virtual) Higgs bosons, a
coupling which is additionally enhanced in SUSY models. Moreover, it might turn out that SUSY loop
effects in connection with top and Higgs boson interactionsless rapidly decouple than the ones to gauge
boson observables.

To fully explore the potential of precision top physics at the LHC and at the Tevatron [66] to detect,
discriminate and constrain new physics, the theoretical predictions for top quark observables need to be
calculated beyond leading order (LO) in perturbation theory. Here we will concentrate on the effects of
non-QCD radiative corrections to the production processesgg→tt̄ andqq̄→tt̄, including supersymmetric
corrections. When searching for quantum signatures of new physics also the SM loop effects have to be
under control. The present SM prediction fortt̄ observables includes the QCD corrections as discussed
above and the EW one-loop contributions to the QCDtt̄ production processes [67, 68, 69]. The latter
modify thegtt̄(qq̄g) vertex by the virtual presence of the EW gauge bosons and the SM Higgs boson.
At the parton level, the EW radiative corrections can enhance the LO cross sections by up to≈ 30%

close to the threshold
√
ŝ
>∼ 2mt when the SM Higgs boson is light and reduce the LO cross sections

with increasingŝ by up to the same order of magnitude. After convoluting with the parton distribution
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functions (PDF’s), however, they only reduce the LO production cross sectionσ(pp→tt̄X) at the LHC
by a few percent [67]: up to2.5(1.8)% for the following cuts on the transverse momentumpT and the
pseudo rapidityη of the top quark:pT > 100(20) GeV and|η| < 2.5.

So far, the studies of loop induced effects of BSM physics intt̄ production at hadron colliders
include the following calculations:

The O(α) corrections within a general two Higgs doublet model (G2HDM) (=SM with two Higgs
doublets but without imposing SUSY constraints) toqq̄→tt̄ [70, 71] andgg→tt̄ [71]. In addition to the
contribution of theW andZ, thegtt̄(qq̄g) vertex is modified by the virtual presence of five physical
Higgs bosons which appear in any G2HDM after spontaneous symmetry breaking:H0, h0, A0,H±.
Thus, the G2HDM predictions fortt̄ observables depend on their masses and on two mixing angles,β
andα. The G2HDM radiative corrections are especially large for light Higgs bosons and for very small
(< 1) and very large values oftan β due to the enhanced Yukawa-like couplings of the top quark to
the (virtual) Higgs bosons. Moreover, there is a possible source for large corrections due to a threshold
effect in the renormalised top quark self-energy, i.e. whenmt ≈ MH± + mb. In [71] the s-channel
Higgs exchange diagrams in the gluon fusion subprocess,gg→h0,H0→tt̄, had been included. For
this workshop we also considered thegg→A0→tt̄ contribution [72]. A study of thes-channel Higgs
exchange diagrams alone, can be found in [73] (H0) and [74, 75] (H0 andA0). They are of particular
interest, since they can cause a peak-dip structure in the invariant tt̄ mass distribution for heavy Higgs
bosons,MH0,A0 > 2mt, when interfered with the LO QCDtt̄ production processes.

The SUSY EW O(α) corrections within the MSSM toqq̄→tt̄ [71, 76, 77, 78] andgg→tt̄ [71,
79]. In [71] also the squark loop contribution to thegg→h0,H0 production process in thes channel
Higgs exchange diagrams has been taken into account. The SUSY EW corrections comprise the con-
tributions of the supersymmetric Higgs sector, and the genuine SUSY contributions due to the virtual
presence of two charginos̃χ±, four neutralinos̃χ0, two top squarks̃tL,R and two bottom squarks̃bL,R.
The MSSM input parameters can be fixed in such a way that thett̄ observables including MSSM loop
corrections depend on a relatively small set of parameters [71]: tan β,MA0 ,mt̃1

,mb̃L
,Φt̃, µ,M2, where

LR mixing is considered only in the top squark sector, parametrized by the mixing angleΦt̃. mt̃1
and

mb̃L
= mb̃R

denote the mass of the lighter top squark and the bottom squark, respectively. The effects
of the supersymmetric Higgs sector tend to be less pronounced than the ones of the G2HDM: since su-
persymmetry tightly correlates the parameters of the Higgspotential, the freedom to choose that set of
parameters which yield the maximum effect is rather limited. On the other hand, they can be enhanced
by the genuine SUSY contribution depending on the choice of the MSSM input parameters. The SUSY
EW corrections can become large close to the threshold for the top quark decayt→t̃ + χ̃0. They are
enhanced for very small (< 1) and very large values oftan β and when there exists a light top squark
(mt̃1

≈ 100 GeV).

The SUSY QCD O(αs) corrections to qq̄→tt̄ [78, 80, 81, 82, 83] andgg→tt̄ [84]. So far,
there are only results available separately for theqq̄→tt̄ (Tevatron) and thegg→tt̄ (LHC) production
processes. The combination of both is work in progress and will be presented in [85]. The SUSY QCD
contribution describes the modification of thegtt̄(qq̄g) vertex and the gluon vacuum polarisation due to
the virtual presence of gluinos and squarks. Thus, additionally to the dependence on squarks masses (and
on mixing angles if LR mixing is considered) the SUSY QCD corrections introduce a sensitivity oftt̄
observables on the gluino massmg̃. As expected, the effects are the largest the lighter the gluino and/or
the squarks. Again, there are possible enhancements due to threshold effects, for instance close to the
anomalous thresholdm2

t = m2
g̃ +m2

t̃1
.

The tt̄ observables under investigation so far comprise the totaltt̄ production cross sectionσtt̄,
the invarianttt̄ mass distributiondσ/dMtt̄ and parity violating asymmetriesALR in the production
of left and right handed top quark pairs. At present, the numerical discussion is concentrated on the
impact of BSM quantum effects ontt̄ observables inp p

(−)→tt̄X. A parton level Monte Carlo program
for p p

(−)→tt̄→W+W−bb̄→(fif̄
′
i)(f

′
j f̄j)bb̄ is presently under construction [72]. This will allow a more
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Table 5: The relative corrections topp→tt̄X at the LHC when only including SUSY QCD one-loop corrections[84] (with

pT >20 GeV,|η| < 2.5) or only the EW one-loop corrections within the G2HDM and theMSSM [71] (pT > 100 GeV). For

comparison the SM prediction is also listed.

SM (MH = 100 GeV) G2HDM SUSY EW SUSY QCD

|σNLOtt̄ − σLOtt̄ |/σLOtt̄ 2.5% ≤ 4% ≤ 10% ≤ 4%

realistic study of the sensitivity of a variety of kinematical distributions to SUSY quantum signatures in
thett̄ production processes, for instance by taking into account detector effects.

In the following we give an overview of the present status of BSM quantum effects intt̄ observ-
ables at the LHC:

σtt̄ : In Table 5 we provide the relative corrections forσtt̄ at the LHC for different BSM physics
scenarios. They reflect the typical maximum size of the radiative corrections within the models under
consideration. As already mentioned there are possible enhancements due to threshold effects, which
can yield much larger relative corrections. However, they only arise for very specific choices of the
MSSM input parameters. The SUSY EW one-loop corrections always reduce the LO production cross
sections and range from SM values, to up to≈ −5% for heavy squarks and up to≈ −20% close to
mt = mt̃1

+ mχ̃0. The SUSY QCD one-loop corrections, however, can either reduce or enhanceσtt̄.
The relative corrections are negative for smallmg̃ and increase with decreasing gluino and/or squark
masses. They change sign when approaching the threshold forreal sparticle production and reach a
maximum atmg̃ ≈ 200 GeV of about+2% [84]. Again, very large corrections arise in the vicinity ofa
threshold for real sparticle production,mt = mg̃ +mt̃1

. The SUSY EW and QCD one-loop corrections,
so far, have only been combined for theqq̄→tt̄ production process and numerical results are provided
for the Tevatronpp̄ collider in [78, 83]. To summarise, apart from exceptional regions in the MSSM
parameter space, it will be difficult to detect SUSY through loop contributions to thett̄ production
rate. If light sparticles exist, they are most likely directly observed first. Then, the comparison of the
precisely measured top production rate with the MSSM predictions will test the consistency of the model
under consideration at quantum level and might yield additional information on the parameter space, for
instance constraints ontan β andΦt̃.

dσ/dMtt̄ : More promising are the distributions of kinematic variables. Here we will concen-
trate on the impact of SUSY quantum signatures on the invariant tt̄ mass distribution. Results for the
effects of EW one-loop corrections within the G2HDM and the MSSM ondσ/dMtt̄ at the LHC are
provided in [71]. So far, the impact of the SUSY QCD one-loop contribution ondσ/Mtt̄ has only
been discussed for the Tevatronpp̄ collider [81], where it turned out that they can significantly change
the normalisation and distort the shape ofdσ/dMtt̄. As already mentioned, there is the possibility for
an interesting peak-dip structure due to a heavy neutral Higgs resonance ingg→tt̄ within two Higgs
doublet models. The potential of the LHC for the observationof such resonances has been studied
in [74, 86]. In Section 3.5 the results of an ATLAS analysis ofthe observability of theH/A→tt̄ chan-
nel for different luminosities are presented. In Fig. 9 we show preliminary results for the invarianttt̄
mass distribution topp→tt̄→W+W−bb̄→(νee

+)(dū)bb̄ at the LHC when including MSSM EW one-
loop corrections [72]. WhenMA0 > 2mt thegg→H0, A0→tt̄ contributions can cause an excess oftt̄
events atMtt̄ slightly belowMA0 , when the Higgs bosons are not too heavy, and a dip in the distribution
slightly aboveMtt̄ = MA0. For the choice of MSSM parameters used in Fig. 9 the peak vanishes for
MA0 > 400 GeV and only a deficiency of events survives which decreases rapidly for increasingMA0 .
These effects can be enhanced when the SUSY QCD contributions are taken into account.

ALR : Parity violating asymmetries in the distribution of left and right-handed top quark pairs
at hadron colliders directly probe the parity non-conserving parts of the non-QCD one-loop corrections
to thett̄ production processes within the model under considerationand have been studied at the Teva-
tron [77, 82, 87, 68, 81, 83] and at the LHC [88]. In Fig. 10 we show the left-right asymmetriesALR in
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Fig. 9: The LO and NLO invariant mass distributionsdσ/dMtt̄ (left) and the relative corrections (right) to the reaction
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the relative correction when only taking into account the EWSM one-loop contribution is also shown. The CTEQ3LO set of

PDF’s is used andmt = 174 GeV.
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the invariant mass distribution of (longitudinally) polarised top quark pairs inpp→tL,Rt̄L,RX, induced
by SM and MSSM EW one-loop corrections [88]. The parity violating asymmetry within the MSSM
results from the interplay of the supersymmetric Higgs sector (MH±) and the genuine SUSY contribu-
tions (χ̃±, χ̃0). The contribution from the charged Higgs boson can either be enhanced or diminished
depending on the values ofmt̃1

andΦt̃. Within the G2HDM the loop-induced asymmetries are most
pronounced for a light charged Higgs boson and very small andvery large values oftan β. At the LHC,
the G2HDM and MSSM EW one-loop corrections induce asymmetries in the total production rate of left
and right-handed top quark pairs of up to about2.5% and3.2%, respectively, and thus can be consider-
ably larger than the SM expectation (SM:1.2%). When the squarks are non-degenerate in mass also the
SUSY QCD one-loop corrections induce parity violating asymmetries in strongtt̄ production. So far,
there exist only studies for the Tevatron [82, 81, 83].

3.5 Measurement of tt̄ production properties

According to the SM, the top quark decays almost exclusivelyvia t → Wb. The final state topology
of tt̄ events then depends on the decay modes of theW bosons. In approximately 65.5% oftt̄ events,
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bothW bosons decay hadronically viaW → jj, or at least oneW decays viaW → τν. These events
are difficult to extract cleanly above the large QCD multi-jet background, and are for the most part
not considered further. Instead, the analyses presented here concentrate on leptonictt̄ events, where at
least one of theW bosons decays viaW → ℓν (ℓ = e, µ). The lepton plus largeEmiss

T , due to the
escaping neutrino(s), provide a large suppression againstmulti-jet backgrounds. The leptonic events,
which account for approximately 34.5% of alltt̄ events, can be subdivided into a “single lepton plus
jets” sample and a “di-lepton” sample, depending on whetherone or both W bosons decay leptonically.
As discussed below, the selection cuts and background issues are quite different for the various final state
topologies.

An important experimental tool for selecting clean top quark samples is the ability to identifyb-
jets. Techniques forb-tagging, using secondary vertices, semi-leptonicb-decays, and other characteristics
of b-jets, have been extensively studied. Both ATLAS and CMS expect to achieve, for ab-tagging
efficiency of 60%, a rejection of at least 100 against prompt jets (i.e. jets containing no long-lived
particles) at low luminosity. At high luminosity, a rejection factor of around 100 can be obtained with a
somewhat reducedb-tagging efficiency of typically 50%.

All the results presented in this section are obtained usingfor the signal the PYTHIA Monte Carlo
program. Most background processes have also been generated with PYTHIA , with the exception ofWbb̄,
which has been produced using theHERWIG implementation [89] of the exact massive matrix-element
calculation.

3.51 Single lepton plus jets sample

The single lepton plus jets topology,tt̄ → WWbb̄ → (ℓν)(jj)bb̄ arises in2 × 2/9 × 6/9 ≈ 29.6% of
all tt̄ events. One expects, therefore, production of almost 2.5 million single lepton plus jet events for
an integrated luminosity of 10 fb−1, corresponding to one year of LHC running at1033 cm−2 s−1. The
presence of a highpT isolated lepton provides an efficient trigger. The lepton and the high value ofEmiss

T

give a large suppression of backgrounds from QCD multi-jetsandbb̄ production.

For the single lepton plus jets sample, it is possible to fully reconstruct the final state. The four-
momentum of the missing neutrino can be reconstructed by settingMν = 0, assigningEνT = Emiss

T , and
calculatingpνz , with a quadratic ambiguity, by applying the constraint that M ℓν =MW .

An analysis by ATLAS [30] examined a typical set of selectioncuts. First, the presence of an
isolated electron or muon withpT > 20 GeV and|η| < 2.5 was required, along with a value ofEmiss

T >
20 GeV. At least four jets withpT > 20 GeV were required, where the jets were reconstructed using a
fixed cone algorithm with cone size of∆R = 0.7. After cuts, the major sources of backgrounds were
W+jet production withW → ℓν decay, andZ+jet events withZ → ℓ+ℓ−. Potential backgrounds
from WW , WZ, andZZ gauge boson pair production have also been considered, but are reduced to a
negligible level after cuts.

A clean sample oftt̄ events was obtained usingb-tagging. Requiring that at least one of the jets be
tagged as ab-jet yielded a selection efficiency (not counting branchingratios) of 33.3%. For an integrated
luminosity of 10 fb−1, this would correspond to a signal of 820,000tt̄ events. The total background,
dominated byW+jet production, leads to a signal-to-background ratio (S/B) of 18.6. Tighter cuts can be
used to select a particularly clean sample. Examples of thiswill be given in Section 4.

3.52 Di-lepton sample

Di-lepton events, where each W decays leptonically, provide a particularly clean sample oftt̄ events,
although the product of branching ratios is small,2/9 × 2/9 ≈ 4.9%. With this branching ratio, one
expects the production of over 400,000 di-lepton events foran integrated luminosity of 10 fb−1.

The presence of two highpT isolated leptons allows these events to be triggered efficiently. Back-
grounds arise from Drell-Yan processes associated with jets,Z → τ+τ− associated with jets,WW+jets,
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andbb̄ production. Typical selection criteria [30, 90] require two opposite-sign leptons within|η| < 2.5,
with pT > 35 and 25 GeV respectively, and withEmiss

T > 40 GeV. For the case of like-flavour leptons
(e+e− andµ+µ−), an additional cut|M ℓℓ −MZ | > 10 GeV was made on the di-lepton mass to remove
Z candidates. Requiring, in addition, at least two jets withpT > 25 GeV produced a signal of 80,000
events for 10 fb−1, with S/B around 10. Introducing the requirement that at least one jet be tagged as a
b-jet reduced the signal to about 58,000 events while improving the purity to S/B≈ 50.

3.53 Multi-jet sample

The largest sample oftt̄ events consists of the topologytt̄ → WWbb̄ → (jj)(jj)bb̄. The product of
branching ratios of6/9×6/9 ≈ 44.4% implies production of 3.7 million multi-jet events for an integrated
luminosity of 10 fb−1. However, these events suffer from a very large background from QCD multi-jet
events. In addition, the all-jet final state poses difficulties for triggering. For example, the trigger menus
examined so far by ATLAS [30] consider multi-jet trigger thresholds only up to four jets, for which a jet
ET threshold of 55 GeV is applied at low luminosity. Further study is required to determine appropriate
thresholds for a six-jet topology.

At the Fermilab Tevatron Collider, both the CDF and D0 collaborations have shown that it is pos-
sible to isolate att̄ signal in this channel. The CDF collaboration has obtained asignal significance over
background of better than three standard deviations [9] by applying simple selection cuts and relying on
the highb-tagging efficiency (≃ 46%). To compensate for the less efficientb-tagging, the D0 collab-
oration has developed a more sophisticated event selectiontechnique [10]. Ten kinematic variables to
separate signal and background were used in a neural network, and the output was combined in a second
network together with three additional variables designedto best characterise thett̄ events.

ATLAS has made a very preliminary investigation [30, 91] of asimple selection and reconstruction
algorithm for attempting to extract the multi-jettt̄ signal from the background. Events were selected by
requiring six or more jets withpT > 15 GeV, and with at least two of them tagged asb-jets. Jets were
required to satisfy|η| < 3 (|η| < 2.5 for b-jet candidates). In addition, the scalar sum of the transverse
momenta of the jets was required to be greater than 200 GeV. The tt̄ signal efficiency for these cuts was
19.3%, while only 0.29% of the QCD multi-jet events survived. With this selection, and assuming a
QCD multi-jet cross-section of 1.4×10−3 mb forpT (hard process)> 100 GeV, one obtains a signal-to-
background ratio S/B≈ 1/57.

Reconstruction of thett̄ final state proceeded by first selecting di-jet pairs, from among those jets
not tagged asb-jets, to formW → jj candidates. Aχ2

W was calculated from the deviations of the two
Mjj values from the known value ofMW . The combination which minimised the value ofχ2

W was
selected, and events withχ2

W > 3.5 were rejected. For accepted events, the twoW candidates were then
combined withb-tagged jets to form top and anti-top quark candidates, and aχ2

t was calculated as the
deviation from the condition that the top and anti-top masses are equal. Again, the combination with the
lowestχ2

t was selected, and events withχ2
t > 7 were rejected. After this reconstruction procedure and

cuts, the value of S/B improved to 1/8 within the mass window 130-200 GeV. Increasing thepT threshold
for jets led to some further improvement; for example, requiring pjT > 25 GeV yielded S/B = 1/6.

The isolation of a top signal can be further improved in a number of ways, such as using a multi-
variate discriminant based on kinematic variables like aplanarity, sphericity or∆R(jet-jet), or restricting
the analysis to a sample of highptopT events. These techniques are undergoing further investigation, but
it will be very difficult to reliably extract the signal from the background in this channel. In particular,
the multi-jet rates and topologies suffer from very large uncertainties.

3.54 Measurement of thett̄ invariant mass spectrum

As discussed previously, properties oftt̄ events provide important probes of both SM and BSM physics.
For example, a heavy resonance decaying tott̄ might enhance the cross-section, and might produce a
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peak in theMtt̄ invariant mass spectrum. Deviations from the SM top quark branching ratios, due for
example to a large rate oft → H+b, could lead to an apparent deficit in thett̄ cross-section measured
with the assumption that BR(t→Wb) ≈ 1.

Due to the very large samples of top quarks which will be produced at the LHC, measurements of
the total cross-sectionσ(tt̄) will be limited by the uncertainty of the integrated luminosity determination,
which is currently estimated to be 5%-10%. The cross-section relative to some other hard process, such
asZ production, should be measured more precisely.

Concerning differential cross-sections, particular attention has thus far been paid by ATLAS [30]
to measurement of theMtt̄ invariant mass spectrum. A number of theoretical models predict the existence
of heavy resonances which decay tott̄. An example within the SM is the Higgs boson, which will decay
to tt̄ provided the decay is kinematically allowed. However, the strong coupling of the SM Higgs boson
to theW andZ implies that the branching ratio tott̄ is never very large. For example, forMH = 500
GeV, the SM Higgs natural width would be 63 GeV, and BR(H → tt̄) ≈ 17%. The resulting value of
σ×BR for H → tt̄ in the SM is not sufficiently large to see a Higgs peak above thelarge background
from continuumtt̄ production. In the case of MSSM, however, ifMH,A > 2mt, then BR(H/A → tt̄)
≈ 100% fortan β ≈ 1. For the case of scalar or pseudo-scalar Higgs resonances, it has been pointed
out [73, 74] that interference can occur between the amplitude for the production of the resonance via
gg → H/A→ tt̄ and the usual gluon fusion processgg → tt̄. The interference effects become stronger
as the Higgs’ mass and width increase, severely complicating attempts to extract a resonance signal.

The possible existence of heavy resonances decaying tott̄ arises in technicolor models [92] as well
as other models of strong EW symmetry breaking [93]. Recent variants of technicolor theories, such as
Topcolor [94], posit new interactions which are specifically associated with the top quark, and could give
rise to heavy particles decaying tott̄. Sincett̄ production at the LHC is dominated bygg fusion, colour
octet resonances (“colourons”) could also be produced [95].

Because of the large variety of models and their parameters,ATLAS performed a study [30, 96]
of the sensitivity to a “generic” narrow resonance decayingto tt̄. Events of the single lepton plus jets
topology tt̄ → WWbb̄ → (ℓν)(jj)bb̄ were selected by requiringEmiss

T > 20 GeV, and the presence
of an isolated electron or muon withpT > 20 GeV and|η| < 2.5. In addition, it was required that
there were between four and ten jets, each withpT > 20 GeV and|η| < 3.2. At least one of the jets
was required to be tagged as ab-jet. After these cuts, the background to thett̄ resonance search was
dominated by continuumtt̄ production.

The momentum of the neutrino was reconstructed, as described previously, by settingMν = 0,
assigningEνT = Emiss

T , and calculatingpνz (with a quadratic ambiguity) by applying the constraint that
Mℓν = MW . The hadronicW → jj decay was reconstructed by selecting pairs of jets from among
those not tagged asb-jets. In cases where there were at least twob-tagged jets, candidates fort → Wb
were formed by combining theW candidates with eachb-jet. In events with only a singleb-tagged jet,
this was assigned as one of theb-quarks and each of the still unassigned jets was then considered as a
candidate for the otherb-quark.

Among the many different possible jet-parton assignments,the combination was chosen that min-
imised the followingχ2:

χ2 = (Mjjb −mt)
2/σ2(Mjjb) + (Mℓνb −mt)

2/σ2(Mℓνb) + (Mjj −MW )2/σ2(Mjj)

Events were rejected if eitherMℓνb orMjjb disagreed with the known value ofmt by more than 30 GeV.

For events passing the reconstruction procedure, the measured energies were rescaled, according
to their resolution, to give the correct values ofMW andmt for the appropriate combinations. This
procedure improved the resolution of the mass reconstruction of thett̄ pair toσ(Mtt̄)/Mtt̄ ≈ 6.6%. As
an example, Fig. 11 shows the reconstructedMtt̄ distribution for a narrow resonance of mass 1600 GeV.
The width of the Gaussian core is well described by the resolution function described above. The size

20



Reconstructed  mtt (GeV)

E
nt

rie
s/

50
 G

eV

0

200

400

1000 2000

Fig. 11: Measuredtt̄ invariant mass distribution for reconstruction of a narrowresonance of mass 1600 GeV decaying tott̄.

mtt (GeV)

σ*
B

r 
(f

b)

1

10

102

103

1000 2000 3000 4000 5000

Fig. 12: Value ofσ× BR required for a 5σ discovery potential for a narrow resonance decaying tott̄, as a function ofMtt̄, and

for an integrated luminosity of either 30 or 300 fb−1.

of the tails, which are dominated by incorrect jet-parton assignments, is such that approximately 65% of
the events are contained within±2σ of the peak.

The reconstruction efficiency, not including branching ratios, for tt̄→WWbb̄→ (ℓν)(jj)bb̄ was
about 20% for a resonance of mass 400 GeV, decreasing gradually to about 15% forMtt̄ = 2 TeV.

For a narrow resonanceX decaying tott̄, Fig. 12 shows the requiredσ× BR(X → tt̄) for dis-
covery of the resonance. The criterion used to define the discovery potential was observation within a
±2σ mass window of a signal above thett̄ continuum background, where the required signal must have
a statistical significance of at least 5σ and must contain at least ten events. Results are shown versusMX

for integrated luminosities of 30 fb−1 and 300 fb−1. For example, with 30 fb−1, a 500 GeV resonance
could be discovered provided itsσ× BR is at least 2560 fb. This value decreases to 830 fb forMX =
1 TeV, and to 160 fb forMX = 2 TeV. The corresponding values for an integrated luminosity of 300 fb−1

are 835 fb, 265 fb, and 50 fb for resonances massesMX = 500 GeV, 1 TeV, and 2 TeV, respectively.

Once predictions from models exist for the mass, natural width, andσ× BR for a specific reso-
nance, the results in Fig. 12 can be used to determine the sensitivity and discovery potential for those
models. As discussed above, for the case of scalar or pseudo-scalar Higgs resonances, extra care must be
taken due to possible interference effects. While such effects are small for the case of a narrow resonance,
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Fig. 13: For various integrated luminosities, 5σ discovery contours in the MSSM (MA, tan β) plane for the channelH,A→ tt̄.

they can be significant once the finite widths of heavy resonances are taken into account. For example,
ATLAS has performed an analysis [30, 97] of the decaysH/A → tt̄ in MSSM with tan β = 1.5 and
MH,A > 2mt. Assuming thett̄ continuum background is well known, a combinedH +A signal would
be visible for Higgs masses in the range of about 370 - 450 GeV.However, the interference effects pro-
duce an effective suppression of the combinedH + A production rates of about 30% forMH,A = 370
GeV, increasing to 70% for masses of 450 GeV, essentially eliminating the possibility to extract a sig-
nal for higher Higgs masses, and thereby severely limiting the MSSM parameter space for which this
channel has discovery potential (see Fig. 13).

4. TOP QUARK MASS3

As discussed in Section 2.2 one of the main motivations for top physics at the LHC is an accurate
measurement of the top mass. Currently the best Tevatron single-experiment results onmt are obtained
with the lepton plus jets final states. These yield:mt= 175.9± 4.8 (stat.) ± 5.3 (syst.) (CDF) [6]
and 173.3± 5.6 (stat.)± 5.5 (syst.) (DØ) [5]. The systematic errors in both measurements are largely
dominated by the uncertainty on the jet energy scale which amounts to 4.4 GeV and 4 GeV for CDF
and DØ, respectively. On the other hand, the systematic errors in the di-lepton channels are somewhat
less, but the statistical errors are significantly larger, by a factor of >∼ 2, as compared to the lepton
plus jets final states. Future runs of the Tevatron with an about 20-fold increase in statistics promise a
measurement of the top mass with an accuracy of up to∼ 3 GeV [98]; in the lepton plus jets channel
the error is dominated by the systematics while in the di-lepton channels the limiting factor is still the
statistics.

Several studies of the accuracy which can be expected with the LHC experiments have been per-
formed in the past [99]. It is interesting to see whether one can use the large statistics available after a
few years of high-luminosity running to push the precision further. In particular, it is interesting to study
the ultimate accuracy achievable at a hadronic collider, and the factors that limit this accuracy.

In the following subsections, we begin with general remarkson the top quark mass and a very
brief review of the present status of the theoretical understanding of top quark mass measurement in the
threshold scan at a futuree+e− collider. We then present the results of a recent studies of top mass
reconstruction at the LHC. The techniques used include the study of the lepton plus jets final states
(inclusive, as well as limited to high-pT top quarks), di-lepton final states (using the di-leptons from the
leptonic decay of bothW ’s, as well as samples where the isolatedW lepton is paired with a non-isolated

3Section coordinators: M. Beneke, M.L. Mangano, I. Efthymiopoulos (ATLAS), P. Grenier (ATLAS), A. Kharchilava
(CMS).
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lepton from the decay of the companionb hadron). A very promising analysis using theJ/ψ from the
b hadron decay paired with the lepton from the leptonic decay of theW is discussed at the end. The
conclusions of these studies indicate that an accuracy of 2 GeV should be achievable with the statistics
available after only 1 year of running at low luminosity. An accuracy of 1 GeV accuracy could be
achieved after the high luminosity phase.

4.1 General remarks and the top mass measurement in e+e− annihilation

Although one speaks of “the” top quark mass, one should keep in mind that the concept of quark mass
is convention-dependent. The top quark pole mass definitionis often implicit, but in a confining theory
it can be useful to choose another convention. This is true even for top quarks when one discusses mass
measurements with an accuracy of order of or below the stronginteraction scale. Since different mass
conventions can differ by 10 GeV (see Section 2.1), the question arises which mass is actually determined
to an accuracy of1-2 GeV by a particular measurement.

The simple answer is that a particular measurement determines those mass parameters accurately
in terms of which uncalculated higher order corrections to the matrix elements of the process are small.
This in turn may depend on the accuracy one aims at and the order to which the process has already
been calculated. To clarify these statements we briefly discuss the top quark mass measurement at a high
energye+e− collider.

“The” top quark mass can be measured ine+e− collisions by recontructing top quark decay prod-
ucts in much the same way as at the LHC. In addition, there exists the unique possibility of determining
the mass in pair production near threshold. This is considered to be the most accurate method [100] and
it appears that an uncertainty ofδmt ≈ 0.15 GeV can be achievedfor the top quarkMS masswith the
presently available theoretical input [101]. This is a factor two improvement compared to the accuracy
that could be achieved with the same theoretical input if thecross section were parametrised in terms
of the top quark pole mass. The fundamental reason for this difference is the fact that the concept of
a quark pole mass is intriniscally ambiguous by an amount of order ΛQCD [102] and this conclusion
remains valid even if the quark decays on average before hadronisation [103]. In the context of pertur-
bation theory this ambiguity translates into sizeable higher order corrections to the matrix elements of a
given process renormalized in the pole mass scheme. This makes it preferable to choose another mass
convention if large corrections disappear in this way as is the case for the total cross section ine+e− an-
nihilation, because the total cross section is less affected by non-perturbative effects than the pole mass
itself. Note, however, that despite this preference the position of the threshold is closer to twice the pole
mass than twice theMS mass, hence a leading order calculation determines the polemass more naturally.
It is possible to introduce intermediate mass renormalizations that are better defined than the pole mass
and yet adequate to physical processes in which top quarks are close to mass shell [101, 104]. The con-
clusion that the top quark pole mass is disfavoured is based on the existence of such mass redefinitions
and the existence of accurate theoretical calculations.

The situation with mass determinations at the LHC appears much more complicated, since the
mass reconstruction is to a large extent an experimental procedure based on leading order theoretical
calculations, which are not sensitive to mass renormalization at all. Furthermore the concept of invari-
ant mass of a top quark decay system is prone to “large” non-perturbative corrections of relative order
ΛQCD/mt, because the loss or gain of a soft particle changes the invariant mass squared by an amount
of ordermtΛQCD. The parametric magnitude of non-perturbative corrections is of the same order of
magnitude as for the top quark pole mass itself and cannot be decreased by choosing another mass renor-
malization prescription. For this reason, top mass measurements based on reconstructingmt from the
invariant mass of the decay products of a single top quark should be considered as measurements of the
top quark pole mass. From the remarks above it follows that there is a limitation of principle on the ac-
curacy of such measurements. However, under LHC conditionsthe experimental systematic uncertainty
discussed later in this section is the limiting factor in practice. A potential exception is the measure-
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Table 6: Efficiencies (in percent) for the inclusivett̄ single lepton plus jets signal and for background processes, as a function

of the selection cuts applied. No branching ratios are included in the numbers. The last column gives the equivalent number of

events for an integrated luminosity of 10 fb−1, and the signal-to-background ratio.

pℓ
T > 20 GeV as before, as before, events,

Process Emiss
T > 20 GeV plusNjet ≥ 4 plusNb−jet ≥ 2 per 10 fb−1

tt̄ signal 64.7 21.2 5.0 126000
W + jets 47.9 0.1 0.002 1658
Z + jets 15.0 0.05 0.002 232
WW 53.6 0.5 0.006 10
WZ 53.8 0.5 0.02 8
ZZ 2.8 0.04 0.008 14
Total background 1922
S/B 65

ment ofmt in the decay modeℓJ/ψX discussed at the end of this section, since the systematic error
is estimated to be below1 GeV and since the systematic error is to a large extent theoretical. It would
be interesting to investigate non-perturbative power corrections and principle obstructions to an accurate
mass measurement for this process. This analysis has however not yet been carried out in any detail,
comparable to the threshold scan ine+e− annihilation.

4.2 mt in the lepton plus jets channel. Inclusive sample

The inclusive lepton plus jets channel provides a large and clean sample of top quarks for mass recon-
struction. Considering only electrons and muons, the branching ratio of this channel is 29.6%. Therefore,
one can expect more than 2 millions events for one year of running at low luminosity. ATLAS performed
an analysis in that channel using events generated using PYTHIA [52] and the ATLAS detector fast simu-
lation package ATLFAST [105]. The top mass is determined using the hadronic part of the decay, as the
invariant mass of the three jets coming from the same top:mt= mjjb. The leptonic top decay is used to
tag the event with the presence of a highpT lepton and largeEmiss

T . For the background processes, the
HERWIG [51, 89] generator was used for the background processWbb̄.

The following background processes have been considered:bb̄,W + jets withW → ℓν, Z+ jets
with Z → ℓ+ℓ−, WW with oneW → ℓν and the otherW → qq̄, WZ with W → ℓν andZ → qq̄,
ZZ with oneZ → ℓ+ℓ− andZ → qq̄, andWbb̄ with W → ℓν. Events are selected by requiring an
isolated lepton withpT> 20 GeV and|η|< 2.5, Emiss

T > 20 GeV, and four jets withpT> 40 GeV and
|η|< 2.5, of which two of them were required to be tagged asb-jets. Jets were reconstructed using a
fixed cone algorithm with∆R= 0.4. Although at production level the signal over background is very
unfavourable, after the selection cuts and for an integrated luminosity of 10 fb−1, 126000 signal events
and 1922 background events were kept, yielding a value ofS/B = 65 (see Table 6).

The reconstruction of the decayW → jj is first performed. The invariant massmjj of all the
combinations of jets (withpT> 40 GeV and|η|< 2.5) that were not tagged asb-jets is computed and
the jet pair with an invariant mass closest tomW is selected as theW candidate. Fig. 14 represents the
invariant mass distribution of the selected jet pairs. The reconstructedW mass is consistent with the
generated value, the mass resolution being 7.8 GeV. Within awindow of±20 GeV around theW mass,
the purity (P) and the overall efficiency (E) of theW reconstruction are respectively P=67% and E=1.7%.
Additional pair association criteria, such as requiring the leading jet to be part of the combination, did
not improve significantly the purity and have not been considered further in the analysis.W candidates,
retained if|mjj −MW | < 20 GeV, have then to be associated with oneb-tagged jet to reconstruct the
decayt→ Wb. To reconstruct the right combination, some association criteria have been tried, such as
choosing theb-jet furthest from the isolated lepton, theb-jet closest to the reconstructedW , and choosing
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Fig. 14: Left: invariant mass distribution of the selectedjj pairs. Right: invariant mass distribution of the selectedjjb com-
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Fig. 15: Left: dependence of the reconstructed top mass on the generated value. Right: dependence of the reconstructed top

mass on the transverse momentum(pT ) of the reconstructed top.

thejjb combination having the highestpT for the reconstructed top. These various methods gave similar
results. Fig. 14 presents the invariant mass distribution of the reconstructed top when thejjb combi-
nation having the highestpT has been used as association criteria. NoMW constraint is applied for the
light quark jets. For an integrated luminosity of 10fb−1, the total number of reconstructed top is 32000
events, of which 30000 are within a window of±35 GeV around the generated top massmt= 175 GeV.
The total number of combinatorial events is 34000, of which 14000 are within the mass window. The
number of background events coming from other processes is negligible. Themjjb distribution fitted
by a Gaussian plus a third order polynomial yields a top mass consistent with the generated value of
175 GeV and a top mass resolution of 11.9 GeV. The resulting statistical uncertainty for an integrated
luminosity of 10fb−1 is δmt= 0.070 GeV.

The dependence of the top reconstruction algorithm on the top mass has been checked using
several samples oftt̄ events generated with different values ofmt ranging from 160 to 190 GeV. The
results, shown in Fig. 15, demonstrate a linear dependence of the reconstructed top mass on the generated
value: the data points are fitted to a linear function withχ2/ndf = 6.7/8. The stability of the mass value
as a function of the transverse momentum of the reconstructed top (pT (top)) was also checked. As shown
in Fig. 15, no significantpT (top) dependence is observed: the data points are fitted to a constant with
χ2/ndf = 6.25/5. For more details of this analysis, see [106].
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Fig. 16: Invariantjjb mass distributions. Left: from fast simulation. Right: from full simulation.

The results presented above, obtained with a fast simulation package, have been cross-checked
with 30000 events passed through the ATLAS GEANT-based fullsimulation package [107]. In full
simulation, in order to save computing time, events have been generated under restrictive conditions at
the generator level. The comparison is done by using the samegenerated events which have been passed
through both the fast and full simulation packages. The results, in terms of purity, efficiency and mass
resolutions show a reasonable agreement between fast and full simulation. In addition, as it is shown in
Fig. 16, the shape and amount of the combinatorial background for themjjb distributions are in good
agreement between the two types of simulations.

It has to be noted that for this analysis as well as for the other top mass reconstruction studies
performed within ATLAS, the jets were calibrated using the ratiopT (parton)/pT (jet) obtained from Monte
Carlo samples of di-jet events orH → bb̄ with mH = 100 GeV. In that aspect this calibration does not
include all possible detector effects and corrections. More details can be found in Chapter 20 of [30] and
in Appendix A.

4.3 mt in the lepton plus jets channel. High pT sample

An interesting possibility at the LHC, thanks to the largett̄ production rate, is the use of special sub-
samples, such as events where the top and anti-top quarks have highpT . In this case, they are produced
back-to-back in the lab-frame, and the daughters from the two top decays will appear in distinct “hemi-
spheres” of the detector. This topology would greatly reduce the combinatorial background as well as the
backgrounds from other processes. Furthermore, the higheraverage energy of the jets to be reconstructed
should reduce the sensitivity to systematic effects due to the jet energy calibration and to effects of gluon
radiation. However, in this case a competing effect appearswhich can limit the resulting precision: as the
toppT increases, the jet overlapping probability increases as well, which again affects the jet calibration.
ATLAS performed a preliminary study of this possibility using two different reconstruction methods:

• in the first one an analysis similar to the inclusive case is done, withmt being reconstructed from
the three jets in the one hemisphere (mt=mjjb);

• in the second one,mt is reconstructed summing up the energies in the calorimetertowers in a large
cone around the top direction.

In the following paragraphs, highlights of these analyses are discussed.

4.31 Jet Analysis

High pT tt̄ events were generated using PYTHIA 5.7 [52] with apT cut on the hard scattering process
above 200 GeV. The expected cross-section in this case is about 120 pb, or about 14.5% of the total
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tt̄ production cross-section. The selection cuts required thepresence of an isolated lepton withpT>
30 GeV and|η|< 2.5, andEmiss

T > 30 GeV. The total transverse energy of the event was required tobe
greater than 450 GeV. Jets were reconstructed using a cone algorithm with radius∆R=0.4. The plane
perpendicular to the direction of the isolated lepton was used to divide the detector into two hemispheres.
Considering only jets withpT> 40 GeV and|η|< 2.5, the cuts required oneb-tagged jet in the same
hemisphere as the lepton, and three jets, one of which wasb-tagged, in the opposite hemisphere. Di-jet
candidates for theW → jj decay were selected among the non-b-tagged jets in the hemisphere opposite
to the lepton. The resultantmjj invariant mass distribution is shown in Fig. 17 (left). Fitting the six bins
around the peak of the mass distribution with a Gaussian, yielded aW mass consistent with the generated
value, and amjj resolution of 7 GeV, in good agreement with that obtained forthe inclusive sample.
Di-jets with 40 GeV<mjj<120 GeV were then combined with theb-tagged jet from the hemisphere
opposite to the lepton to formt→ jjb candidates. Finally, the highpT (top) requirement was imposed by
requiringpT (jjb)> 250 GeV. With these cuts, the overall signal efficiency was 1.7%,and the background
from sources other thantt̄ was reduced to a negligible level. The invariant mass distribution of the
acceptedjjb combinations is shown in Fig. 17 (right). Fitting the six bins around the peak of the mass
distribution with a Gaussian, yielded a top mass consistentwith the generated value of 175 GeV, and a
mjjb mass resolution of 11.8 GeV. For an integrated luminosity of10 fb−1, a sample of 6300 events
would be collected in ATLAS, leading to a statistical error of δmt(stat.) =±0.25 GeV, which remains
well below the systematic uncertainty. As in the case of the inclusive sample, no strongpT dependence
was observed and the reconstructed mass depends linearly onthe Monte Carlo input value.

4.32 Using a large calorimeter cluster

For sufficiently highpT (top) values, the jets from the top decay are close to each other with a large
possibility of overlap. In such a case it might be possible toreconstruct the top mass by collecting all the
energy deposited in the calorimeter in a large cone around the top quark direction. Such a technique has
the potential to reduce the systematic errors, since it is less sensitive to the calibration of jets and to the
intrinsic complexities of effects due to leakage outside the smaller cones, energy sharing between jets,
etc. Some results from a preliminary investigation of the potential of this technique are discussed here.
More details of the analysis can be found in [30, 108].

Similar event selection criteria as in the previous case were used: an isolated lepton withpT>
20 GeV and|η|< 2.5, Emiss

T > 20 GeV, oneb-tagged jet (with∆R=0.4 andpT> 20 GeV) in the lepton
hemisphere, and at least 3 jets in the hemisphere opposite tothe lepton (∆R=0.2, pT> 20 GeV) with
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one of themb-tagged. For the accepted events, the two highestpT non-b-tagged jets were combined
with the highestpT b-jet candidate in the hemisphere opposite to the lepton to form candidates for the
jjb hadronic top decay. The selectedjjb combination was required to havepT> 150 GeV and|η|< 2.5.
With these selection criteria, about 13000 events would be expected in the mass window from 145 to
200 GeV, with a purity of 90%, for an integrated luminosity of10fb−1. The reconstructed invariant mass
of the jjb combination is shown in Fig. 18 (left). The direction of the top quark was then determined
from the jet momenta. Figure 18 (right) shows the distance∆R in (η, φ) space between the reconstructed
and the true top direction at the parton level, demonstrating good agreement.

A large cone of radius∆R was then drawn around the top quark direction, and the top mass was
determined by adding the energies of all calorimeter “towers” within the cone. A calorimeter tower
has a size ofδη × δφ= 0.1×0.1, combining the information of both the EM and hadronic calorimeters.
The invariant mass spectrum is shown in Fig. 19 (left) for a cone size∆R= 1.3, and exhibits a clean
peak at the top quark mass. The fitted value of the reconstructed top mass is shown in Fig. 19 (right),
where it displays a strong dependence on the cone size. If initial (ISR) and final (FSR) state radiation in
PYTHIA are turned off, the fitted mass remains constant (to within 2%), independently of cone size.

The large dependence of the reconstructed top mass on the cone size can be attributed to the
underlying event (UE) contribution. A method was developedto evaluate and subtract the underlying
event contribution using the calorimeter towers not associated with the products of the top quark decay.
The UE contribution was calculated as the averageET deposited per calorimeter tower, averaged over
those towers which were far away from the reconstructed jetsof the event. As expected, the average
ET per calorimeter tower increases as more activity is added, especially in the case of ISR. However,
only a rather small dependence is observed on the radius∆R used to isolate the towers associated with
the hard scattering process. The resulting value of the reconstructed mass (mcone), with and without
UE subtraction, is also shown in Fig. 19 (right) as a functionof the cone radius. As can be seen, after
the UE subtraction, the reconstructed top mass is independent of the cone size used. As a cross-check,
the meanET per cell subtracted was varied by±10% and the top mass recalculated in each case. As
shown superimposed on Fig. 19 (right), these “miscalibrations” lead to a re-emergence of a dependence
of mt on the cone size. While the prescription for the UE subtraction does lead to a top mass which is
independent of the cone size, it should be noted that the reconstructed mass is about 15 GeV (or 8.6%)
below the nominal value,mt= 175 GeV, implying that a rather large correction is needed.
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To investigate if this correction can be extracted from the data without relying on Monte Carlo
simulations, the same procedure was applied to a sample ofW+ jet events generated with a range of
pT comparable to that of the top sample. TheW was forced to decay hadronically into jets. The UE
contribution was estimated with the same algorithm as described above. The results agreed within 1%
with the values determined for the highpT (top) sample. As in the case of the top events, the reconstructed
W mass after UE subtraction is independent of the cone size. The average value ofmjj after the UE
subtraction is about 8.5 GeV (or 10.6%) below the nominal value ofmW . The fractional error onmjj,
as measured with theW+jet sample, was used as a correction factor tomcone in the highpT (top) sample.
For a cone of radius∆R= 1.3, the top mass after UE subtraction increases from 159.9GeV to 176.0 GeV
after rescaling. The rescaled values ofmcone are about 1% higher than the generated top mass. This
over-correction ofmt using the value ofmW measured with the same method, is mainly due to ISR
contributions. If ISR is switched off, the rescaling procedure works to better than 1%.

4.4 Systematic uncertainties on the measurement of mt in the single lepton plus jets channel

For the analyses presented above within ATLAS, a number of sources of systematic error have been
studied using samples of events generated with PYTHIA and simulated mainly with the fast detector
package ATLFAST, but also using a relatively large number offully simulated events in order to cross-
check some of the results. The results of these studies are summarised in Fig. 20 and discussed below.

Jet energy scale:The measurement ofmt via reconstruction oft→ jjb relies on a precise knowl-
edge of the energy calibration for both light quark jets andb-jets. The jet energy scale depends on a
variety of detector and physics effects, including non-linearities in the calorimeter response, energy lost
outside the jet cone (due, for example, to energy swept away by the magnetic field or to gluon radiation
at large angles with respect to the original parton), energylosses due to detector effects (cracks, leak-
age, etc.), and “noise” due to the underlying event. Preliminary studies done in ATLAS indicate that
a jet energy scale calibration at the level of 1% for both light quark andb-jets would be feasible at the
LHC (see discussion in the Appendix A). In the case of themt reconstructed from the invariant mass
of the three jets (mjjb) theb-jet energy scale enters directly in the measurement and therefore it must be
calibrated from other sources, while the energy of the two light quark jets can be calibrated event-by-
event using theW mass constraint. This would work quite well at least for the inclusive sample, where
the jets are well separated. In the highpT case, energy sharing algorithms and corrections for the two
jets are needed, and therefore in order to be conservative weassume in the following that no such an
event-by-event correction can be made. To estimate the effect of an absolute jet energy scale uncertainty,
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different “miscalibration” coefficients were applied to the measured jet energies. A linear dependence
was observed.

b-quark fragmentation:The fraction of the originalb-quark momentum which will appear as vis-
ible energy in the reconstruction cone of the correspondingb-jet depends on the fragmentation function
of the b-quark. This function is usually parametrised in PYTHIA in terms of one variable,ǫb, using the
Peterson fragmentation function [109]. To estimate the systematic error inmt, the “default” value for
ǫb (=-0.006) was varied within its experimental uncertainty (0.0025) [110, 19] and the difference in the
reconstructedmt was taken as the systematic errorδmt.

Initial and final state radiation:The presence of ISR or FSR can impact the measurement ofmt.
To estimate the systematic error due to these, data samples were generated where ISR or FSR in the
PYTHIA generator were switched off. In the case of FSR, a large mass shift was observed for a jet cone of
∆R=0.4. This is reduced as expected when a larger cone is used. Clearly this case is rather pessimistic
since the knowledge in both ISR and FSR is typically at the level of 10%. Therefore as a conservative
estimate of the resultant systematic errors inmt, 20% of the mass shifts were used.

An alternative approach uses the measured jet multiplicityto search, event-by-event, for the pres-
ence of hard gluon radiation. Following the convention for this approach adopted at the Tevatron [5, 6],
the mass shift would be defined not by comparing events with radiation switched on and events with
radiation switched off, but by the difference,∆mt, between the value ofmt determined from events
with exactly four jets and that determined from events with more than four jets. The systematic error
due to effects of initial and final radiation would then be considered asδmt= ∆mt/

√
12. Such a calcu-

lation would yield systematic errors of approximately 0.4-1.1 GeV, smaller than the more conservative
approach adopted here.

Background:Uncertainties in the size and shape of the background, whichis dominated by “wrong
combinations” intt̄ events, can affect the top mass reconstruction. The resultant systematic uncertainty
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onmt was estimated by varying the assumptions on the background shape in the fitting procedure. Fits of
themjjb distribution were performed assuming a Gaussian shape for the signal and either a polynomial
or a threshold function for the background. Varying the background function resulted in a systematic
error onmt of 0.2 GeV. The structure of the UE can affect the top mass reconstruction. However, as
discussed above, it is possible to estimate and correct for this effect using data. Given the large statistics
available at the LHC, it is assumed that the residual uncertainty from the underlying event will be small
compared to the other errors (note that the UE denotes here a minimum bias event, since the impact of
ISR has already been accounted for).

For the particular case of themt reconstructed using a large calorimeter cluster, similar procedures
were adopted to estimate the the systematic errors. It is important to notice that, as expected, the use of a
large cone substantially reduces the effects of FSR andb-quark fragmentation, each of which gives rise
to a systematic error of 0.1 GeV. The uncertainty arising from ISR, which can affect the determination
of the UE subtraction, is about 0.1 GeV as well. However, the main uncertainty in this technique comes
from the calibration procedure. The calibration with theW+ jet sample produces a value ofmt which
is about 1% above the generated value. Furthermore, theW → jj events would suffer from background
from QCD multi-jet events. On-going studies suggest that one could calibrate usingW → jj decays
from the highpT (top) events themselves, selecting those events in which the b-tagged jet is far away
from the other two jets of theW decay and then reconstructing theW → jj decay using a single cone
of size∆R= 0.8. Further study is required to reliably estimate the potential of this calibration procedure,
and therefore a conservative systematic uncertainty of 1% is assigned to it.

4.5 mt in the di-lepton channel

Di-Lepton events can provide a measurement of the top quark mass complementary to that obtained
from the single lepton plus jets mode. The signature of a di-lepton event consists of two isolated high
pT leptons, highEmiss

T due to the neutrinos, and two jets from theb-quarks. The measurement ofmt using
di-lepton events is not a direct measurement as in the previous case but it relies on the relation between
the kinematical distributions of the top decay products andmt, and on how they can be reproduced
by the Monte Carlo simulation. About 400000 di-leptontt̄ events are expected to be produced in a
data sample corresponding to an integrated luminosity of 10fb−1. Backgrounds arise from Drell-Yan
processes associated with jets,Z → ττ associated with jets,WW+ jets andbb̄ production.

Of the many possible kinematic variables which could be studied, ATLAS performed a preliminary
study using: the massmℓb of the lepton+b-jet system, the energy of the two highestET jets, and the
massmℓℓ of the di-lepton system formed with both leptons originating from the same top decay (i.e.
t→ ℓνb followed by b→ ℓνc). The event selection criteria required two opposite-signleptons within
|η|< 2.5, with pT> 35 and 25 GeV respectively, and withEmiss

T > 40 GeV. Two jets withpT > 25 GeV
were required in addition. After the selection cuts, 80000 signal events survived, withS/B around 10.

4.51 Top mass measurement usingmℓb

In this analysis, the value ofmt was estimated using the expression:

mt
2 = M2

W + 2〈̇m2
ℓb〉/[1 − 〈cos θℓb〉] (11)

Here,〈m2
ℓb〉 is the squared mean invariant mass of the lepton andb-jet from the same top decay. The

mean value of〈cos θℓb〉, the angle between the lepton and theb-jet in theW rest frame, can be regarded
as an input parameter to be taken from Monte Carlo. To obtain avery clean sample, the two highest
pT jets were required to be tagged asb-jets, leaving a total of about 15200 signal events per 10 fb−1.
One cannot determine, in general, which lepton should be paired with whichb-jet. The pairing which
gave the smaller value of〈m2

ℓb〉 was chosen, and checking the parton-level information showed that this
criterion selected the correct pairing in 85% of the cases, for a generated top mass of 175 GeV. The mean
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Fig. 21: Template distributions of the total energy of the two leading jets intt̄ events for top quark masses of 165 and 175 GeV.

The two distributions are normalised to the same area.

value〈m2
ℓb〉 was measured for samples generated with different input topmassesm, and thenmt was

calculated from the expression above. For an integrated luminosity of 10 fb−1, the expected statistical
uncertainty onmt using this method is±0.9 GeV. Major sources of systematics include uncertainty on
the b-quark fragmentation function, which produces a systematic error onmt of 0.7 GeV if defined as
described in Section 4.4. Systematic errors due to the effects of FSR and ISR together are about 1 GeV,
while those due to varying the jet energy scale by 1% are 0.6 GeV. Further studies are required to estimate
the uncertainties due to the reliance upon the Monte Carlo modelling of thett̄ kinematics.

4.52 Top mass measurement using the energy of the two leadingjets

Increased sensitivity could be obtained with a technique which utilises not only the mean, but also the
shape of the kinematic distribution. As an example, a study has been made of the sensitivity tomt ob-
tained by comparing to “template” distributions the energyof the two highest-ET jets. The template
distributions were made by generating PYTHIA samples oftt̄ events with different values ofmt in the
range 160-190 GeV, in steps of 5 GeV. Figure 21 shows, as an example, the templates obtained for
mt = 165 GeV and 175 GeV. For each possible top mass valuem, aχ2(m) was obtained by compar-
ing the kinematical distribution of the simulated data withthe templates of massm. The best value for
the mass was the value which, for the “data” set, generated with mt= 175 GeV, gave the minimumχ2.
For an integrated luminosity of 10 fb−1, the expected statistical sensitivity onmt corresponds to about
±0.4 GeV. Varying the calorimeter jet energy scale by 1% produced a systematic error onmt of 1.5 GeV.
Other sources of systematic error result from the dependence of the method on the Monte Carlo mod-
elling of thett̄ kinematics, and require further study. As an example, changing the choice of the structure
functions used in the Monte Carlo simulation (for example, from CTEQ2L to CTEQ2M or EHQL1) led
to differences in the top mass of±0.7 GeV.

4.53 Top mass measurement usingmll in tri-lepton events

The invariant mass distribution of the two leptons from the same top quark decay (i.e. t→ ℓνb followed
by b→ ℓνc) is quite sensitive tomt. It has been shown that the mass distribution of lepton pairsfrom the
same top quark decay is much less sensitive to the top quark transverse momentum distribution than that
of lepton pairs from different top quarks [99]. Signal events are expected to contain two leptons from
the decay of theW bosons produced directly in the top and anti-top quark decays, and one lepton from
the b-quark decay. In addition to the cuts described above, one non-isolated muon withpT> 15 GeV
was required. For an integrated luminosity of 10 fb−1, the expected signal would be about 7250 events,
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Fig. 22: Schematics of the top decay to leptonic final states with J/ψ.

yielding a statistical uncertainty on the measurement ofmt of approximately±1 GeV. This technique
is insensitive to the jet energy scale. The dominant uncertainties arise from effects of ISR and FSR and
from theb-quark fragmentation, which sum up to about 1.5 GeV.

4.6 mt from t→l + J/ψ + X decays

An interesting proposal [111] by CMS, explored in detail during the workshop [112], is to take advantage
of the large top production rates and exploit the correlation between the top mass and the invariant mass
distribution of the system composed of aJ/ψ (from the decay of ab hadron) and of the lepton (ℓ = e, µ)
from the associatedW decay (see Fig. 22).

The advantage of using aJ/ψ compared to the other studies involving leptons as presented above
is twofold: first, the large mass of theJ/ψ induces a stronger correlation with the top mass (as will be
shown later). Second, the identification of theJ/ψ provides a much cleaner signal. In order to uniquely
determine the top decay topology one can tag the charge of theb decaying toJ/ψ by requiring the
otherb-jet to contain a muon as well. The overall branching ratio is5.3 × 10−5, taking into account the
charge conjugate reaction andW → eν decays. In spite of this strong suppression, we stress that these
final states are experimentally very clean and can be exploited even at the highest LHC luminosities.
Furthermore, one can also explore other ways to associate the J/ψ with the corresponding isolated
lepton – for example by measuring the jet charge of identifiedb’s. One should say that all these methods
of top mass determination essentially rely on the Monte-Carlo description of its production and decay.
Nonetheless the model, to a large extent, can be verified and tuned to the data.

4.61 Analysis

In the following we assume att̄ production cross-section of 800 pb formt = 175 GeV. Events are sim-
ulated with the PYTHIA 5.7 [52] or HERWIG 5.9 [51] event generators. Particle momenta are smeared
according to parameterisations obtained from detailed simulation of the CMS detector performance.
Four-lepton events are selected by requiring an isolated lepton withpT>15 GeV and|η|<2.4, and three
non-isolated, centrally produced muons ofpT>4 GeV and|η|<2.4, with the invariant mass of the two
of them being consistent with theJ/ψ mass. These cuts significantly reduce the external (non-tt̄) back-
ground, mainlyWbb̄ production,4 which can be further reduced by employing, in addition, two central
jets from anotherW . The resulting kinematical acceptance of the selection criteria is 30%; this rather
small value is largely due to soft muons fromJ/ψ andb. In one year high luminosity running of LHC,
corresponding to an integrated luminosity of 100 fb−1, and assuming trigger plus reconstruction effi-
ciency of 0.8, we expect about105 × 800 × 5.3 · 10−5 × 0.3 × 0.8 = 1000 events.

An example of theℓJ/ψ mass distribution with the expected background is shown in Fig. 23. The
background is internal (from thett̄ production) and is due to the wrong assignment of theJ/ψ to the
corresponding isolated lepton. These tagging muons of wrong sign are predominantly originating from

4PYTHIA results indicate that with the above cuts this sourceof the background can be kept at a per cent level.
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oscillations,b→c→µ transitions,W (→c, τ)→µ decays,π/K decays in flight and amount to
∼ 30% of the signal combinations. The shape of the signalℓJ/ψ events (those with the correct sign
of the tagging muon) is consistent with a Gaussian distribution over the entire mass interval up to its
kinematical limit of∼ 175 GeV. The background shape is approximated by a cubic polynomial. The
parameters of this polynomial are determined with “data” made of the wrong combinations ofℓJ/ψ with
an admixture of signal. In such a way the shape of the background is determined more precisely and in
situ. Thus, when the signal distribution is fitted, only the background normalisation factor is left as a free
parameter along with the three parameters of a Gaussian. Theresult of the fit is shown in Fig. 23. We
point out that this procedure allows to absorb also the remaining external background (if any) into the
background fit function.
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As a measure of the top quark mass we use the mean value (position of the maximum of the
distribution) of the Gaussian,Mmax

ℓJ/ψ. In four years running at LHC with high luminosity the typical
errors on this variable, including the uncertainty on the background, are about 0.5 GeV. It is composed
of <∼ 0.5 GeV statistical error and<∼ 0.15 GeV systematics contribution due to the uncertainty onthe
measurement of the background shape.5

The measurement of theMmax
ℓJ/ψ can then be related to the generated top quark mass. An example

of the correlation between theMmax andmt is shown in Fig. 24 along with the parameters of a linear
fit. For comparison, we also show the corresponding dependence in a more traditional isolated lepton
plusµ-in-jet channel. Not surprisingly, the stronger correlation, and thus a better sensitivity to the top
mass, is expected in theℓJ/ψ final states as compared to the isolated lepton plusµ-in-jet channel. This
is because, in the former case, we pickup a heavy object (theJ/ψ) which carries a larger fraction of the
b-jet momentum. TheMmax

ℓJ/ψ measurement error, statistical and systematic, scales as the inverse slope
value of the fit, which is a factor of 2 in our case. Hence the statistical error on the top mass in this
particular example is∼ 1 GeV.

It is appropriate to comment on the ways to obtain a larger event sample. Encouraging results
have been obtained in [113] to reconstruct theb→J/ψ→e+e− decays for low luminosity runs. The
extension of these studies for a high luminosity environment is very desirable. Another possibility would
be to relax the kinematical requirements. The choice ofpT cut on soft muons is not dictated by the

5The statistical power of the sample can be further improved by exploiting full spectrum, rather than its Gaussian part.
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background considerations but by the trigger rates, and is set here to 4 GeV rather arbitrarily. For
example, the di-muon trigger withη-dependent thresholds which is available in CMS for low luminosity
runs [114] allows to significantly increase the kinematicalacceptance, practically to the limit determined
by muon penetration up to the muon chambers. Therefore, the assessment of the trigger rates at high
luminosity with lowerpT thresholds and in multi-lepton events clearly deserves a dedicated study.

An even larger event sample can be obtained in three lepton final states, using instead the jet-charge
technique to determine thett̄ decay topology instead of the tagging muon. The jet charge isdefined as
a pT -weighted charge of particles collected in a cone around theJ/ψ direction. Obviously, this kind
of analysis requires detailed simulations with full pattern recognition which are under way. However,
particle level simulations performed with PYTHIA and with realistic assumptions on track reconstruc-
tion efficiency give event samples comparable to the muon-tag performance, with about 10 times less
integrated luminosity. In any case, through the LHC lifetime, one can collect enough events so that the
overall top mass measurement accuracy would not be hamperedby the lack of statistics; it would rather
be limited by the systematic uncertainties which are tightly linked with the Monte-Carlo tools in use, as
will be argued in the following section.

4.62 Systematics

An essential aspect of the current analysis is to understandlimitations which would arise from the Monte-
Carlo description of the top production and decay. It is important to realize that the observable used in
this study enjoys two properties: it is Lorentz invariant anit does not depend on the detailed structure of
the jets, but only on the momentum spectrum of theb-hadron and of theJ/ψ from its decay.

As a result, were it not for distortions of theℓJ/ψ mass distribution induced by acceptance effects
and by the presence of an underlying background, the measurement would be entirely insensitive with
respect to changes in the top production dynamics, and in thestructure of the underlying event. As a
result, typical systematics such as those induced by higher-order corrections to the production process,
or by the ISR and by the structure of the minimum bias event, are strongly reduced relative to other
measurements ofmt. This expectation will be shown to be true in the following ofthis section.

The main limitations to an accurate extraction of the top mass using this technique are expected
to come from: i) the knowledge of the fragmentation functionof the b hadrons contained in theb-jet
and, ii) the size of the non-perturbative corrections to therelation between the top quark mass and the
ℓJ/ψ mass distribution. TheJ/ψ spectrum in the decay of theb-hadrons will be measured with high
accuracy in the next generation ofB-factory experiments. It should be pointed out, however, that the
composition ofb-hadrons measured at theΥ(4S) and in the top decays will not be the same. In this
second case, one expects a non-negligible contribution from baryons and fromBs states. The size of the
relevant corrections to the inclusiveJ/ψ spectrum in top decays is not known, and, although expected to
be small, it needs to be studied. Additional effects, such asQED corrections to theW leptonic decay,W
polarisation and spin correlation effects can all be controlled and included in the theoretical simulations.

The rest of this section presents the results of a detailed study [112] of the systematics, mostly
based on PYTHIA .

Detector resolution:Here we have considered only Gaussian smearing of particle momenta and the effect
on theMmax

ℓJ/ψ measurement uncertainty is negligible. A possible nonlinearity of the detector response
can be well controlled with the huge sample ofJ/ψ, Υ andZ leptonic decays that will be available.

Background:The uncertainty would be mainly due to an inaccurate measurement of the background
shape and the systematics contribution of<∼ 0.15 GeV quoted in previous section would scale down with
increasing statistics. For example, already with∼ 104 events the induced uncertainty is<∼ 0.1 GeV.

PDF: Depending on the relative fraction of gluon/quarks versusx in various PDF’s the top produc-
tion kinematics might be different. No straightforward procedure is available for the moment to evalu-
ate uncertainties due to a particular choice of PDF. We compared results obtained with the default set

35



CTEQ2L[115] and a more recentCTEQ4L[116] parameterisations of PDF’s. The observed change in the
Mmax
ℓJ/ψ value is well within 0.1 GeV.

ToppT spectrum:As shown in Section 3.3, one does not expect significant uncertainties in the prediction
of the toppT spectrum. However, to see an effect we have artificially altered the toppT spectrum by
applying a cut at the generator level. We found that even requiring all top quarks to havepT > 100 GeV
gives rise to only a 1σ change (±0.7 GeV) in the fitted value ofmt.

Initial state radiation:TheMmax
ℓJ/ψ value is unchanged even switching off completely the ISR.

Top andW widths: Kinematical cuts that are usually applied affect the observed Breit-Wigner shape
(tails) of decaying particles. Conversely, poor knowledgeof the widths may alter the generatedlJ/ψ
mass spectrum depending on the cuts. In our case, only a smallchange in theMmax

ℓJ/ψ value is seen
relative to the zero-width approximation.

W polarisation: A significant shift is found for the isotropic decays of W whencompared to the SM
expectation of its∼ 70% longitudinal polarisation. In future runs of the TevatrontheW polarisation
will be measured with a∼ 2% accuracy [98], and at the LHC this would be further improved, so that it
should not introduce additional uncertainties in simulations.

tt̄ spin correlations:A “cross-talk” betweent andt̄ decay products is possible due to experimental cuts.
To examine this effect in detail the2→6 matrix elements have been implemented in PYTHIA preserving
the spin correlations [117]. No sizeable difference in theMmax

ℓJ/ψ value is seen compared to the default
2→2 matrix elements.

QED bremsstrahlung:Only a small effect is observed when it is switched off. Furthermore, QED radia-
tion is well understood and can be properly simulated.

Final State Radiation:A large shift of∼ 7 GeV is observed when the FSR is switched off. This is due
to the absence of evolution for theb quark, whose fragmentation function will be unphysically hard.
To evaluate the uncertainty we varied the parton virtualityscalemmin, the invariant mass cut-off below
which the showering is terminated. A±50% variation of it around the default (tuned to data) value of
1 GeV induces an uncertainty of+0.1

−0.15 GeV.

b fragmentation, except FSR:As a default, in PYTHIA we have used the Peterson form for theb-quark
fragmentation function withεb = 0.005. Variation of this value by±10% [118] leads to an uncertainty
of −0.3

+0.25 GeV. (The±10% uncertainty onεb is inferred from LEP/SLD precision of∼ 1% on the average
scaled energy ofB-hadrons.) It should be pointed out that recent accurate measurements of theb-quark
fragmentation function [119] are not well fitted by the Peterson form.

The last two items of this list deserve some additional comments. While the separation between
the FSR and the non-perturbative fragmentation phases seems unnecessary, and liable to lead to an over-
estimate of the uncertainty, it is important to remark that our knowledge of the non-perturbative hadroni-
sation comes entirely from the production ofb-hadrons inZ0 decays at LEP and SLC. It is important to
ensure that the accuracy of both perturbative and non-perturbative effects is known, since the perturbative
evolution ofb quarks fromZ0 and top decays are not the same owing to the different scales involved. An
agreement between data and Monte Carlo calculations for theb-hadron fragmentation function at theZ0

does not guarantee a correct estimate of theb-hadron fragmentation function in top decays.

To be specific, we shall consider here the effects induced by the higher-order matrix element
corrections to the radiative top decayst→bWg [54]. These effects cannot be simulated by a change
in the virtuality scalemmin as explored above in the study based on PYTHIA , as they have a different
physical origin. The extended phase-space available for gluon emission after inclusion of the matrix-
element corrections leads to a softening of theb-quark, and, as a result, of theℓJ/ψ spectrum. For
simplicity, we study here the invariant mass of the systemBℓ. The resulting invariant mass distributions,
for mt= 175 GeV, with (HERWIG 6.1) and without (HERWIG 6.0) matrix element corrections are shown
in Fig. 25. The averages of the two distributions, as a function of the top mass, are given on the right
of the figure, and the difference of the averages are given in Table 7. Given the slopes of the correlation
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Fig. 25: Left: invariant mass of theB-lepton system formt = 175 GeV, according toHERWIG 6.0 (dotted) and 6.1 (with

matrix element corrections, solid). Right: linear fits to the average invariant mass〈mBℓ〉 as a function ofmt.

Table 7: Negative shift in the average invariant mass〈mBℓ〉 after inclusion of matrix element corrections for the top decay in

HERWIG. Left: average over all values ofmBℓ. Right: average over the sample withmBℓ > 50 GeV.

mt 〈m6.0
Bℓ〉 − 〈m6.1

Bℓ〉 (all mBℓ) 〈m6.0
Bℓ〉 − 〈m6.1

Bℓ〉 (mBℓ > 50 GeV)

171 GeV (0.891 ± 0.038) GeV (0.479 ± 0.036) GeV
173 GeV (0.844 ± 0.038) GeV (0.479 ± 0.034) GeV
175 GeV (0.843 ± 0.039) GeV (0.510 ± 0.035) GeV
177 GeV (0.855 ± 0.039) GeV (0.466 ± 0.035) GeV
179 GeV (0.792 ± 0.040) GeV (0.427 ± 0.036) GeV

between〈mBℓ〉 andmt, we see that the corrections due to inclusion of the exact matrix elements are
between 1 GeV (formBℓ > 50 GeV) and 1.5 GeV (for the full sample).

More details of the analysis will be found in [64]. It is also found there that the dependence of
〈mBℓ〉 on the hadronic center of mass energy, or on the partonic initial state producing thett̄ pair, is no
larger than 100 MeV. We take this as an indication that the effects of non-factorisable non-perturbative
corrections (such as those induced by the neutralisation ofthe colour of the top quark decay products)
are much smaller than the 1 GeV accuracy goal on the mass.

A summary of these studies is given in Fig. 26. One sees an impressive stability of the re-
sults for reasonable choices of parameters. The expected systematic error in theMmax

ℓJ/ψdetermination

is <∼
+0.3
−0.4 GeV which translates into a systematic error on the top mass of δmt <∼

+0.6
−0.8 GeV.

In addition to the above studies, we also compared directly the results ofHERWIG (v5.9) and
PYTHIA . With HERWIG we have tried various tunings from LEP experiments as well asits default
settings [51]. They all yield comparable results to each other and to PYTHIA results, and are within
<∼ 0.5 GeV. This corresponds to a systematic uncertaintyδmt <∼ 1 GeV.

4.7 Conclusions for the top mass measurement at the LHC

The very large samples of top quark events which will be accumulated at the LHC lead to a precision
measurement of the top quark mass. Different statisticallyindependent channels have been investigated
and from the studies so far a precision of better than 2 GeV in each case can be obtained. In particular
for the lepton plus jets channel where themt is measured directly reconstructing the invariant mass of
themjjb candidates, such a precision can be achieved within a year orrunning at low luminosity. For
the channels involving two or more leptons, data from several years have to be combined to limit the
statistical error in the measurement beyond the expected systematic errors.
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Fig. 26: Observedmt shifts for the various systematic effects studied for theℓ+ J/ψ channel.

With the statistical error not being a problem, the emphasisof the work was devoted to estimate
the systematic error involved in each method. For each sample, the contributing systematic errors are
different, a fact which will allow important cross-checks to be made. The results indicate that a total
error below 2 GeV should be feasible. In the case of the leptonplus jet channel the major contribution
to the uncertainty is identified in the jet energy scale (in particular for theb-jets) and in the knowledge
of FSR. When a special sub-sample of highpT top events is used and themt is reconstructed using a
large calorimeter cluster the FSR sensitivity is reduced, but further work is required to validate it. For
the channels using two or more leptons for the top decay, the major contribution in the systematic error
comes from the Monte Carlo and from how well the kinematic observable used for the mass measurement
is related to the mass of the top quark.

In ℓJ/ψ final states the top mass can be determined with a systematic uncertainty of <∼ 1 GeV.
These final states are experimentally very clean and can be exploited even at highest LHC luminosities.
The precision would be limited by the theoretical uncertainties which is basically reduced to the one
associated with thet→B meson transition. This method of top mass determination looks very promising,
and a final definition of its ultimate reach will rely on a better understanding of theoretical issues, and on
the possibility to minimise the model dependence using the LHC data themselves.

5. SINGLE TOP PRODUCTION6

At the LHC, top quarks are mostly produced in pairs, via the strong processgg→tt̄ (and, to a lesser
extent,qq̄→tt̄). However, there are a significant number of top quarks that are produced singly, via the
weak interaction. There are three separate single-top quark production processes of interest at the LHC,
which may be characterised by the virtuality of theW boson (of four-momentumq) in the process:

• t-channel: The dominant process involves a space-likeW boson (q2 ≤ 0), as shown in Fig. 27(a)
[120]. The virtualW boson strikes ab quark in the proton sea, promoting it to a top quark. This

6Section coordinators: S. Willenbrock, D. O’Neil (ATLAS), J. Womersley (CMS).
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Fig. 27: Feynman diagrams for single-top quark production in hadron collisions: (a)t-channel process; (b)s-channel process;

(c) associated production (only one of the two diagrams for this process is shown).

Table 8: Total cross sections (pb) for single-top quark production and top quark pair production at the LHC, formt=175

±2 GeV. The NLOt-channel cross section is from [125]. The NLOs-channel cross section is from [126]. The cross section

for theWt process is from [124]; it is leading order, with a subset of the NLO corrections included. The uncertainties are due

to variation of the factorisation and renormalisation scales; uncertainty in the parton distribution functions; and uncertainty in

the top quark mass (2 GeV).

process: t-channel s-channel Wt tt̄

σ(pb): 245 ± 27 10.2 ± 0.7 51 ± 9 ∼ 800

process is also referred to asW -gluon fusion, because theb quark ultimately arises from a gluon
splitting tobb̄.

• s-channel: If one rotates thet-channel diagram such that the virtualW boson becomes time-like,
as shown in Fig. 27(b), one has another process that producesa single top quark [121, 122]. The
virtuality of theW boson isq2 ≥ (mt +mb)

2.

• Associated production: A single top quark may also be produced via the weak interaction in
association with a realW boson (q2 = M2

W ), as shown in Fig. 27(c) [123, 124]. One of the initial
partons is ab quark in the proton sea, as in thet-channel process.

The total cross sections for these three single-top quark production processes are listed in Table 8,
along with the cross section for the strong production of topquark pairs. Thet-channel process has
the largest cross section; it is nearly one third as large as the cross section for top quark pairs. Thes-
channel process has the smallest cross section, more than anorder of magnitude less than thet-channel
process. TheWt process has a cross section intermediate between these two.We will argue that all three
processes are observable at the LHC. Thet-channel ands-channel processes will first be observed at the
Fermilab Tevatron [127]; theWt process will first be seen at the LHC.

There are several reasons for studying the production of single top quarks at the LHC:

• The cross sections for single-top quark processes are proportional to |Vtb|2. These processes pro-
vide the only known way to directly measureVtb at hadron colliders.

• Single-top quark events are backgrounds to other signals. For example, single-top quark events
are backgrounds to some signals for the Higgs boson [128].

• Single top quarks are produced with nearly100% polarisation, due to the weak interaction [123,
129, 130, 131]. This polarisation serves as a test of theV − A structure of the top quark charged-
current weak interaction.

• New physics may be discernible in single-top quark events. New physics can influence single-top
quark production by inducing non-SM weak interactions [129, 132, 133, 134, 135], via loop effects
[136, 137, 138, 139, 140], or by providing new sources of single-top quark events [133, 137, 141,
142].

In the next three subsections we separately consider the three single-top quark production pro-
cesses. The subsection after these discusses the polarisation of single top quarks. In the concluding
section, we discuss the accuracy with whichVtb can be measured in single-top quark events at the LHC.
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5.1 t-channel single-top production

5.11 Theory

The largest source of single top quarks at the LHC is via thet-channel process, shown in Fig. 27(a)
[120, 123, 125, 129, 143, 144, 145]. A space-like (q2 ≤ 0) W boson strikes ab quark in the proton sea,
promoting it to a top quark. As shown in Table 8, the cross section for this process is about one third that
of the strong production of top quark pairs. Thus there will be an enormous number of single top quarks
produced via thet-channel process at the LHC.

It is perhaps surprising that the cross section for the weak production of a single top quark, of
orderα2

W , is comparable to that of the strong production of top quark pairs, of orderα2
s. There are

several enhancements to thet-channel production of a single top quark that are responsible for this:

• The differential cross section for thet-channel process is proportional todσ/dq2 ∼ 1/(q2−M2
W )2,

due to theW -boson propagator. The total cross section is therefore dominated by the region
|q2| ≤ M2

W , and is proportional to1/M2
W . In contrast, the total cross section for the strong

production of top quark pairs is proportional to1/s, wheres ≥ 4m2
t is the parton center-of-mass

energy.

• Since only a single top quark is produced, the typical value of the parton momentum fractionx is
half that of top quark pair production. Since parton distribution functions scale roughly like1/x
at small values ofx, and there are two parton distribution functions, this leads to an enhancement
factor of roughly four.

The fact that the total cross section is dominated by the region |q2| ≤ M2
W also has the implication that

the final-state light quark tends to be emitted at small angles, i.e., high rapidities. This characteristic
feature of the signal proves to be useful when isolating it from backgrounds.

Theb distribution function in the proton sea arises from the splitting of virtual gluons into nearly-
collinearbb̄ pairs. Thus it is implicit that there is āb in the final state, which accompanies the top quark
and the light quark. The final-statēb tends to reside at smallpT , so it is usually unobservable.

The total cross section for thet-channel production of single top quarks has been calculated at
NLO [125, 143]; the result is given in Table 8. A subset of the NLO corrections is shown in Fig. 28(a).
This correction arises from an initial gluon which splits into abb̄ pair. If thebb̄ pair is nearly collinear,
then this process contributes to the generation of theb distribution function, which is already present at
leading order; hence, one does not include this kinematic region as a contribution to the NLO correction.
This is indicated schematically in Fig. 28(b). Only the contribution where thebb̄ pair is non-collinear is a
proper NLO correction to the total cross section.7 The other corrections to this process, due to final-state
and virtual gluons, as well as corrections associated with the light quark, are also included in the cross
section given in Table 8.

The central value for the cross section is obtained by setting the factorisation scale8 of theb distri-
bution function equal toµ2 = −q2 +m2

t . The uncertainty in the NLO cross section due to the variation
of the factorisation scale between one half and twice its central value is4%. Due to the similarity with
deep-inelastic scattering, the factorisation scale of thelight quark isµ2 = −q2, and is not varied [125].

Since thēb tends to reside at lowpT , the dominant final state isWbj, where theWb are the decay
products of the top quark, and the jet is at high rapidity. However, thēb is atpT > 20 GeV in roughly40%
of the events, in which case the final state isWbb̄j. From a theoretical perspective, the optimal strategy
is to isolate both final states and thereby measure the total cross section, which has an uncertainty of
only 4% from varying the factorisation scale, as mentioned above. However, theWbb̄j final state has a
large background fromtt̄, and it has not yet been established by ATLAS or CMS that this signal can be
isolated, although the analysis of [145] gives cause for optimism. Thus we focus on theWbj final state,

7The formalism for separating the nearly-collinear and non-collinear regions, and for generating theb distribution function,
was developed in Refs. [146, 58].

8The factorisation and renormalisation scales are set equal.
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Fig. 28: (a) Initial-gluon correction to single-top quark production via thet-channel process (the diagram with theW and

gluon lines crossed is not shown); (b) the kinematic region in which the gluon splits to a nearly-collinearbb̄ pair (the double

line through theb propagator indicates that it is nearly on shell) is subtracted from the correction, as it is already included at

leading order.

demanding that thēb havepT < pTcut. ForpTcut = 20 GeV,9 the cross section for this semi-inclusive
process is 164 pb, with an uncertainty of10% from varying the factorisation scale [144], about twice
the uncertainty of the total cross section. Work is in progress to calculate the differential cross section
dσ/dpT b̄ at NLO with the goal of reducing this uncertainty [147]. It would also be desirable to calculate
the total cross section at next-to-next-to-leading order (NNLO).

Additional theoretical uncertainties stem from the top quark mass and the parton distribution func-
tions. An uncertainty in the top quark mass of2 GeV yields an uncertainty of only2% in the cross section,
which is negligible. This is due to the fact that the cross section scales like1/M2

W rather than1/s. The
uncertainty in the cross section due to the parton distribution functions is estimated in [148] to be10%.
That analysis suggests that the uncertainty can be reduced below this value. Combining all uncertainties
in quadrature, we conclude that the total theoretical uncertainty is presently15% in theWbj cross sec-
tion (11% in the total cross section). The discussion above suggests that this can be significantly reduced
with further effort.

5.12 Phenomenology

Studies of thet-channel process have been carried out by both ATLAS and CMS.We will first describe
the CMS study, and then that of ATLAS.

In order to reject the largett background in this channel, it is necessary to impose a cut onjet
multiplicity. Accurate modelling of jet response and resolution is therefore desirable, and so CMS [149]
used a full GEANT calorimeter simulation of the detector. The GEANT simulation also allows a more
realistic modelling of the missing-pT response of the detector, which is important in understanding the
mass resolution which can be obtained on the reconstructedt quark. The detailed calorimeter simulation
was combined with a parameterisedb-tagging efficiency.

Signal events were generated using PYTHIA 5.72 [52], withmt = 175 GeV and the CTEQ2L
parton distribution functions. Events were preselected atthe generator level to have one and only one
charged lepton (withpT > 25 GeV and|η| < 2.5) and one or two jets (generator-level jets were found
using the LUCELL clustering algorithm, which is part of PYTHIA ). Generated events were then passed
through the parameterisedb-tagging and the GEANT detector simulation. The CMSb-tagging perfor-
mance is taken from a study which used a detailed detector simulation combined with existing CDF data
on impact-parameter resolutions. The tagging efficiency for pT > 50 GeV is typically 50% forb-jets,
10% for c-jets, and 1–2% for light quarks and gluons. These efficiencies fall quite rapidly for lower
transverse momenta, and it was assumed no tagging could be performed forpT < 20 GeV or |η| > 2.4.
The generated luminosity corresponded to about 100 pb−1 – only 30 hours of running at1033cm−2s−1.

The tt andWZ backgrounds were also generated using PYTHIA 5.72. The same pre-selections
were applied at the generator level. TheW+ jets backgrounds were generated using the VECBOS

9The CMS analysis presented below usespTcut = 20 GeV; the ATLAS analysis usespTcut = 15 GeV.
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Fig. 29: Reconstructed top mass for signal plus backgrounds(open histogram) and backgrounds only (shaded). The back-

grounds considered arett,W + 2 jets andW + 3 jets. The vertical scale is events per 6 GeV mass bin per pb−1 of luminosity.

generator [150], combined withHERWIG 5.6 [51] to fragment the outgoing partons.10 W + 2 jets and
W +3 jets processes were generated separately. Again, events were preselected to have a charged lepton
with pT > 25 GeV and|η| < 2.5, and to have a (parton-level)pT > 15 GeV for the final-state jets.

Events were then selected which passed the following requirements:

• One and only one isolated lepton (ℓ = e or µ) with pT > 20 GeV and|η| < 2.5. This allows the
events to pass a reasonable lepton trigger.

• MissingpT > 20 GeV, and transverse mass (of the lepton and missingpT ) 50 < mT < 100 GeV.
These two requirements selectW→ℓν candidates.

• Exactly two jets withpT > 20 GeV and|η| < 4. Requiring at least two jets reduces theW+ jets
background, while requiring no more than two jets rejects the tt background which naively would
produce four jets in the final state.

• One jet withpT > 20 GeV and|η| < 2.5, the other jet withpT > 50 GeV and2.5 < |η| < 4.0.
The requirement that the second jet be at forward rapiditiestends to select the desiredt-channel
process.

• Leading jetpT < 100 GeV. This helps to reduce thett background.

• Exactly oneb-tagged jet (given theb-tagging acceptance, this is always the central jet). This
requirement again reducestt, and of course rejectsW+ jets processes with light-quark or gluon
jets.

• Invariant mass of the two jets in the80 − 100 GeV range. This rejectsWZ events withZ→bb.

The single-top signal is then searched for in the invariant mass of theW and theb-tagged jet (which
should peak at the top quark mass). The mass was reconstructed assuming the solution for theW
kinematics which yields the lower|pνz |. (It is possible to use other choices, for example the solution
which gives theWb mass closest tomt. This would result in an apparently better top mass resolution
but would also severely bias the background shape; the statistical significance of the signal would not be
improved.)

Figure 29 shows the reconstructed mass distribution for signal and background combined. The
signal is apparent as an excess over the background (the shaded histogram) around 160 GeV. (Since jet

10The version of VECBOS used here, and its interface toHERWIG, were developed for use in CDF [151], and were adapted
for CMS by R. Vidal.
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energy scale corrections have not been applied to the simulated events, the top mass reconstructs to less
than its true value.) The signal-to-background ratio in a window of160±20 GeV is 3.5 with a clear peak
visible in theWb invariant-mass distribution. The number of signal events is 66 in 100 pb−1, giving a
signal efficiency of 1.2% (after theW→ℓν̄ branching ratio). We then find that 10 fb−1 would yield 6600
signal events (S) and 1900 background (B), sufficient for a statistical accuracy on the number of signal
events of

√
S +B/S = 1.4%.

The largest background comes fromWcj with the charm jet mistagged as ab-jet. It would be
worthwhile to develop ab-tagging algorithm having greater rejection against such mistags, even at the
cost of some signal efficiency. TheWbb̄ background was found to be a small contribution to theW + 2
jets background at the parton level for the selection cuts employed here, and was therefore not explicitly
included in the analysis.

The use of the forward jet tag substantially improves the signal-to-background ratio, and allows
a clear reconstructed top-mass peak to be seen. However, it does not significantly improve

√
S +B/S

[144]. One could therefore imagine omitting the forward jetrequirement if the systematic uncertainty
could thereby be reduced.

Compared with earlier studies (for example [144]), this analysis uses more realistic jet and mis-
sing-pT resolutions, and includes initial- and final-state gluon radiation. As a result, the top-mass res-
olution is worsened; but the resolution found here compareswell with the result of a full simulation of
single-top production in CDF.

A study of the cross-section measurement for thet-channel process was also carried out by ATLAS
[152]. Signal events were generated using the ONETOP parton-level Monte Carlo [153] with fragmen-
tation, radiation, and underlying event simulated by PYTHIA 5.72. Backgrounds containing top quarks
(tt̄ and other single-top production) were also generated usingONETOP, whileW+ jets andWbb̄ back-
grounds were generated byHERWIG 5.6.11 These events were processed by the ATLAS parameterised
detector simulation assuming a 60%b-tagging efficiency forb-jets, 10% forc-jets, and 1% for light
quarks and gluons. The events were then analysed with a view towards separatingt-channel single top
from background and measuring its cross section.

Event selection criteria were divided into two types: pre-selection and selection cuts. The pre-
selection criteria were as follows:

• at least one isolated lepton withpT > 20 GeV;

• at least oneb-tagged jet withpT > 50 GeV;

• at least one other jet withpT > 30 GeV.

These were followed by the selection cuts:

• two and only two jets in the event (a jet haspT > 15 GeV);

• one jet is a centralb-tagged jet;

• the other jet is a forward (|η| > 2.5) untagged jet withpT > 50 GeV.

The application of these cuts, and also the requirement of a reconstructed top mass between 150
and 200 GeV, yields the number of events shown in Table 9. The final signal efficiency is 3% and the
signal-to-background ratio is 2.4. This implies a statistical precision on the cross-section measurement of√
S +B/S = 0.9% with 10 fb−1 of data. Introducing other event selection variables (see [30, 154, 155])

it is possible to improve the signal-to-background ratio tonearly 5, but this does not improve the cross-
section measurement due to the small remaining signal efficiency.

Both the CMS and ATLAS studies indicate that it will be possible to observet-channel single-top
production with a good signal-to-background ratio and a statistical uncertainty in the cross section of
less than 2% with 10 fb−1. Thus the uncertainty in the extracted value ofVtb will almost certainly be
dominated by systematic uncertainties, as discussed in theconclusions.

11TheWbb̄ background was generated using the matrix element from [89]interfaced toHERWIG 5.6.
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Table 9: Cumulative effect of cuts ont-channel signal and backgrounds. The first four rows of this table refer to cumulative

efficiencies of various cuts. The last two rows refer to the number of events for 10 fb−1. Only events in whichW → eν or µν

are considered in this table. Uncertainties quoted in this table are due entirely to Monte Carlo statistics.

cut t-channel tt̄ Wbb̄ W+ jets
eff(%) eff(%) eff(%) eff(%)

pre-selection 18.5 44.4 2.53 0.66
njets=2 12.1 0.996 1.55 0.291
fwd jet
|η| > 2.5

pT >50 GeV
4.15 0.035 0.064 0.043

Mℓνb

150-200 GeV
3.00 0.017 0.023 0.016

events/10 fb−1

(before cuts)
5.43 × 105 2.40 × 106 6.67 × 105 4.00 × 107

events/10 fb−1

(after cuts)
16515±49 455±74 155±17 6339±265

5.2 s-channel single-top production

5.21 Theory

Thes-channel production of single top quarks is shown in Fig. 27(b) [121, 122, 123, 126, 144, 145]. The
cross section is much less than that of thet-channel process because it scales like1/s rather than1/M2

W .
However, thes-channel process has the advantage that the quark and antiquark distribution functions are
relatively well known, so the uncertainty from the parton distribution functions is small. Furthermore,
the parton luminosity can be constrained by measuring the Drell-Yan processqq̄→W ∗→ℓν̄, which has
the identical initial state [122, 156].12

The total cross section for thes-channel process has been calculated at NLO [126]; the result is
given in Table 8. The factorisation and renormalisation scales are set equal toµ2 = q2; varying each,
independently, between one-half and twice its central value yields uncertainties in the cross section of2%
from each source. The uncertainty in the cross section from the parton distribution functions is estimated
to be4%. The largest single source of uncertainty is the top quark mass; an uncertainty of2 GeV yields
an uncertainty in the cross section of5%. The relatively large sensitivity of the cross section to the top
quark mass is a manifestation of the1/s scaling. Combining all theoretical uncertainties in quadrature
yields a total uncertainty in the cross section of7%. This is much less than the present theoretical
uncertainty in thet-channel cross section.

The Yukawa correction to this process, of orderαWm
2
t/M

2
W , is less than one percent [126].

However, this correction could be significant in a two-Higgs-doublet model for low values oftan β,
in which the Yukawa coupling is enhanced [138].

5.22 Phenomenology

In order to evaluate the potential to separate thes-channel signal from its backgrounds, Monte Carlo
events have been processed by a fast (parameterised) simulation of an LHC detector. At parton level the
signal and thett̄ background were generated by the ONETOP Monte Carlo [153]. Radiation, showering,
and the underlying event were added by PYTHIA 5.72 [52]. TheW+ jets andWbb̄ backgrounds were
generated usingHERWIG 5.6 [51].13 Table 8 presents the cross sections assumed for the processes

12The parton luminosity can only be constrained, not directlymeasured, with this process. Since the neutrino longitudinal
momentum is unknown, theq2 of the virtualW cannot be reconstructed.

13TheWbb̄ background was generated using the matrix element from [89]interfaced toHERWIG 5.6.
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Table 10: Cumulative effect of cuts ons-channel signal and backgrounds. The first five rows of this table refer to cumulative

efficiencies of various cuts. The last two rows refer to the number of events for 30 fb−1. Only events in which W→ eν or µν

are considered in this table. Uncertainties quoted in this table are due entirely to Monte Carlo statistics.

cut s-channel t-channel Wt tt̄ Wbb̄ W+ jets
eff(%) eff(%) eff(%) eff(%) eff(%) eff (%)

pre-selection 27.0 18.5 25.5 44.4 2.53 0.667
njets=2 18.4 12.1 4.03 0.996 1.55 0.291
nbjet=2

pT > 75 GeV
2.10 0.035 0.018 0.023 0.034 0.0005

∑jetspT
>175 GeV

1.92 0.031 0.016 0.021 0.028 0.0005

Mℓνb

150-200 GeV
1.36 0.023 0.006 0.012 0.0097 0.00014

events/30 fb−1

(before cuts)
6.66 × 104 1.63 × 106 4.5 × 105 6.9 × 106 2.0 × 106 1.2 × 108

events/30 fb−1

(after cuts)
908 ± 35 375 ± 13 27 ± 15 853 ± 175 194 ± 34 169 ± 76

containing top quarks. The cross section for theW+ jets background is normalised to that predicted
by the VECBOS Monte Carlo [150] and is taken to be 18000 pb.14 TheWbb̄ cross section is taken
from [144] to be 300 pb.

From a phenomenological standpoint the most important distinction between thes-channel and
t-channel sources of single top is the presence of a second high-pT b-jet in thes-channel process. As
mentioned previously, int-channel events the secondb-jet tends to be at lowpT and is often not seen.
Therefore, requiring twob-jets above 75 GeVpT will eliminate most of thet-channel background. Re-
quiring two high-pT b-jets in the event also suppresses theW+ jets background relative to the signal.

In addition to suppressing thet-channel background it is also necessary, as in other single-top
signals, to design cuts to reduce theW+ jets andtt̄ backgrounds. In order to reduce contamination by
W+ jets events, the reconstructed top mass in each event must fall within a window about the known top
mass (150-200 GeV), and the events must have a total transverse jet momentum15 above 175 GeV. Only
events containing exactly two jets (both tagged asb’s) are kept in order to reduce thett̄ background.

Table 10 presents the cumulative effect of all cuts on thes-channel signal and on the backgrounds.
Events fromt-channel single-top production are included in this table as a background to thes-channel
process. From this table the predicted signal-to-background ratio for thes-channel signal is calculated
to be 0.56. The results also imply a signal statistical significance (S/

√
B) of 23 with an integrated

luminosity of 30 fb−1. The statistical precision on the cross section, calculated from
√
S +B/S, is

5.5% with 30 fb−1.

This study indicates that, despite the large anticipated background rate, it should be possible to
perform a good statistical measurement of thes-channel single-top cross section. The accuracy with
whichVtb can be measured is discussed in the conclusions.

5.3 Associated production

5.31 Theory

Single top quarks may also be produced in association with aW boson, as shown in Fig. 27(c) [123, 124,
145]. Like thet-channel process, one of the initial partons is ab quark. However, unlike thet-channel

14This cross section is defined for events containing at least two jets, each withpT > 15 GeV and|η| < 5.
15Scalar sum of the transverse momentum of all jets in the event.

45



process, this process scales like1/s. This, combined with the higher values ofx needed to produce both
a top quark and aW boson, leads to a cross section for associated production which is about a factor of
five less than that of the thet-channel process, despite the fact that it is of orderαsαW rather thanα2

W .

The total cross section for associated production has been calculated at leading order, with a subset
of the NLO corrections included [124, 145]; the result is given in Table 8. This subset is analogous to the
initial-gluon correction to thet-channel process, discussed previously. The other corrections have not
yet been evaluated.16 The initial-gluon correction contains an interesting feature which has no analogue
in the t-channel process. One of the contributing diagrams to the initial-gluon correction (gg→Wtb̄)
corresponds togg→tt̄, followed by t̄→Wb̄. This should not be considered as a correction to associated
production, but rather as a background (it is in fact the dominant background, as discussed below). Thus,
when evaluating the initial-gluon correction, it is necessary to subtract the contribution in which thet̄ is
on shell. This is done properly in [124].

The cross section is evaluated with the common factorisation and renormalisation scales set equal
to µ2 = s. The uncertainty in the cross section due to varying these scales between one half and twice
their central value is15%. This uncertainty would presumably be reduced with a full NLO calculation.
The uncertainty in the cross section from the parton distribution functions is estimated to be10% [148],17

although this could be improved with further study. The uncertainty in the cross section due to an
uncertainty in the top quark mass of2 GeV is 4%, relatively large due to the1/s scaling of the cross
section. Combining all theoretical uncertainties in quadrature yields a total uncertainty at present of18%,
the largest of the three single-top processes.

5.32 Phenomenology

The strategy for measuring the cross section for associatedproduction (Wt mode) is similar to that for
thet-channel process, as they share the same backgrounds. However, the nature of associated production
makes it relatively easy to separate fromW+ jets and difficult to separate fromtt̄ events. This difficulty
in removing thett̄ background does not preclude obtaining a precise cross-section measurement in this
channel, assuming the rate fortt̄ can be well measured at the LHC.

Two studies designed to separate signal from background have been performed using two different
final states. The first is a study by ATLAS [30] which attempts to isolateWt signal events in which one
W decays to jets and the other decays to leptons. The second study, which is presented in [124], attempts
to isolate signal events in which bothW ’s decay leptonically.

The first study presented here was done by ATLAS using the sameevent sample described in
Section 5.1. Since the presence of a single isolated high-pT lepton is one of the preconditions of this
study, the secondW must decay to two jets to be accepted by the event pre-selection. Therefore requiring
a two-jet invariant mass within a window around theW mass will serve to eliminate most events that
do not contain a secondW . The two-jet invariant-mass distribution is shown in Fig. 30 and clearly
demonstrates the presence of a sharp peak in the associated-production signal and thett̄ background.
This effectively leavestt̄ as the only background toWt events.

In addition to these special distinguishing features of theWt signal, there are several simple
kinematic requirements which can be employed to reduce thett̄ background. By choosing events with
exactly three jets and with exactly one of them tagged as ab-jet, some rejection of thett̄ background is
possible. Some further rejection is obtained by limiting the selection to events with invariant mass less
than 300 GeV, where the invariant mass of an event is defined asthe invariant mass obtained by adding
the four-vectors of all reconstructed jets and charged leptons (e andµ). However, even with these cuts
thett̄ background is significantly larger than theWt signal.

Table 11 presents the cumulative effect of all cuts on theWt signal and on thett̄ andW+ jets
16The analogous calculation forWc production has been performed in [157].
17This is the uncertainty in the gluon-gluon luminosity at

√
τ = (mt +MW )/

√
S ≈ 0.02, where

√
S = 14 TeV.

46



Fig. 30: The normalised two-jet invariant-mass distribution. For each event the two-jet combination with mass closestto the

W mass is plotted. This clearly shows a peak in the distribution forWt andtt̄ which is not present for the other backgrounds.

backgrounds. TheWbb̄ andt-channel single-top backgrounds are virtually eliminatedby the cuts and
so are not included in the table. From this table the predicted signal-to-background ratio for theWt
signal is calculated to be 0.24. After three years of runningat low luminosity (30 fb−1), this implies a
signal statistical significance (S/

√
B) of 25 and a statistical error on theWt cross section (

√
S +B/S)

of 4.4%.

The second study [124] was done at parton level and involved the separation of signal from back-
ground in the mode in which bothW ’s decay to leptons. This signal contains two highpT leptons and
only one jet (theb-jet produced from the top decay). In this decay channel it was found that, after apply-
ing detector acceptance cuts, requiring precisely oneb-tagged jet withpT > 15 GeV is enough to yield
a signal-to-background ratio of nearly unity. Also, the signal efficiency is significantly higher than in the
ATLAS analysis, allowing more total signal events to pass the cuts despite the lower branching ratio for
this decay mode. The statistical precision on the cross section measured in this analysis is 1.3% with
an integrated luminosity of 30 fb−1. The accuracy with whichVtb can be extracted is discussed in the
conclusions.

5.4 Polarisation in single-top production

5.41 Theory

Because single top quarks are produced through the weak interaction, they are highly polarised [123,
129, 130, 131, 144]. In the ultra-relativistic limit, the top quarks are produced in helicity eigenstates
with helicity −1/2 (the top antiquarks have helicity+1/2), because theV − A structure of the weak
interaction selects quarks of a definite chirality. However, if the top quarks are not ultra-relativistic,
chirality is not the same as helicity. Nevertheless, it was shown in [130] that there is a basis in which
the top quark is100% polarised, regardless of its energy. The top quark spin points along the direction
of the d-type or d̄-type quark in the event, in the top quark rest frame (thet̄ spin points opposite this
direction). Int-channel production, this is the direction of the final-state light quark (ub→dt) or the
beam direction (̄db→ūt). In s-channel production, this is the beam direction (ud̄→tb̄). In associated
production (gb→Wt), this is the direction of thed quark (or charged lepton) from theW decay.

We focus our attention on thet-channel single-top process for the remainder of this section. The
top quark polarisation in thet-channel process has been calculated at NLO [131]; the results below are
taken from this study. In the case oft production,80% of the events have thed-type quark in the final
state. This suggests using the direction of the light-quarkjet, as observed in the top quark rest frame, to
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Table 11: Cumulative effect of cuts onWt signal and backgrounds. Pre-selection cuts are defined in the same way as for the

ATLAS t-channel analysis described earlier in this report. The first five rows of this table refer to cumulative efficiencies of

various cuts. The last two rows refer to the number of events for 30 fb−1. Only events in which W→ eν or µν are considered

in this table. Uncertainties quoted in this table are due entirely to Monte Carlo statistics.

cut Wt tt̄ W+ jets
eff(%) eff(%) eff(%)

pre-selection 25.5 44.4 0.66
njets=3

pT > 50 GeV
3.41 4.4 0.030

nbjet=1
pT > 50 GeV

3.32 3.24 0.028

Invariant Mass
< 300 GeV

0.55 0.36 0.00051

65 < Mjj < 95 0.49 0.14 0.000085

events/30 fb−1

(before cuts)
5.3×105 7.2×106 1.2×108

events/30 fb−1

(after cuts)
2608 ± 166 10616 ± 625 102 ± 59

measure the spin. This has been dubbed the “spectator basis”[130]. The polarisation of the top quark
in this basis (defined asP = (N↑ −N↓)/(N↑ +N↓)) is 0.89. However, the polarisation is increased to
nearly100% when the cuts used in thet-channel analysis are imposed. This is because the polarisation is
diluted by events in which thēb is produced at highpT ; but such events are eliminated by the requirement
of only two jets.

In the case of̄t production,69% of the events have thed-type quark in the initial state. This
suggests using the beam direction to measure thet̄ spin. However, it turns out that the spectator basis
again yields the largest polarisation,P = −0.87. This polarisation is increased toP = −0.96 when cuts
are applied.18

Since the top quark decays via the weak interaction, its spinis analysed by the angular distribution
of its decay products. The most sensitive spin analyser in top decay is the charged lepton, which has a
(leading order) angular distribution with respect to the top quark spin of

1

Γ

dΓ

d cos θℓ
=

1

2
(1 + cos θℓ) (12)

in the top quark rest frame [158]. Hence the charged lepton tends to point along the direction of the
spectator jet.

5.42 Phenomenology

The goal of this analysis is to estimate the sensitivity of ATLAS and CMS to the measurement of the
polarisation of the top quarks produced by thet-channel single-top process. Thet-channel process was
chosen due to the large statistics available in this channeland the relative ease with which it is separated
from its backgrounds. Thet-channel events produced by the ONETOP generator and passedthrough
PYTHIA and a parameterised detector simulation are analysed to attempt to recover the predicted SM
top polarisation in the presence of background and detectoreffects. Details of the study are presented
in [152, 154].

18With cuts applied, the polarisation in the so-called “η-beamline basis” is slightly higher,P = −0.97.
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The experimental measurement of the polarisation of the topquark is essentially a measurement
of the angular distribution of its decay products in the top quark rest frame. As explained above, the
most sensitive angle is between the charged lepton from top decay and the direction of the spectator jet,
in the top quark rest frame. In the absence of background or detector effects the angular distribution of
the charged lepton is given by

f(cos θℓ) =
1

2
(1 + P cos θℓ) (13)

whereP is the polarisation of the sample and can range from−1 to 1.

Experimentally, in order to measure the angular distribution of the charged lepton in the top quark
rest frame, it is necessary to first reconstruct the four-momentum of the top quark. However, the recon-
struction of the top four-momentum suffers from an ambiguity due to the unknown longitudinal momen-
tum of the neutrino produced in the top decay. Using theW and top masses as constraints,19 one can
reconstruct the top four-momentum, but the quality of the reconstruction is degraded by this ambiguity.
Once the top four-momentum has been reconstructed, one can determine the direction of the spectator
jet and the charged lepton in the top quark rest frame. The angle between these two directions isθℓ.

In order to extract the value of the top polarisation from theangular distribution, reference event
samples were created with 100% alignment with the polarisation axis (spin up,P = +1) and with
100% anti-alignment with the polarisation axis (spin down,P = −1). These reference distributions
were compared to a statistically-independent data set withthe predicted SM top quark polarisation. This
comparison was done by minimising

χ2 =
∑

(cos θ)i

(fth(cos θℓ)i − fd(cos θℓ)i)
2

σ2
thi

+ σ2
di

(14)

where the subscript d represents quantities calculated forthe data distribution and the subscript th refers
to the generated reference distribution. The theoretical valuefth(cos θℓ) is calculated via

fth(cos θℓ) =
1

2
((1 − P )fD(cos θℓ) + (1 + P )fU (cos θℓ)) (15)

wherefD andfU refer to the value of the generated theoretical distribution for the 100% spin-down and
the 100% spin-up tops, respectively, andP is the polarisation of the top sample. The procedure returns
an estimate of the top polarisation and an error on that estimate. In this way the sensitivity to changes in
top polarisation can be quantified.

Moving from the parton-level simulation to a simulation which includes both hadronisation and
detector effects is certain to complicate the measurement of the polarisation of the top quark. In ad-
dition, the signal could be biased by an event selection designed to eliminate background and will be
contaminated by residual background events.

The first histogram in Fig. 31 shows the angular distributionfor signal only, at parton-level. The
second histogram in Fig. 31 shows the angular distribution of the charged lepton after detector effects
have been simulated. In addition to effects associated withdetector energy smearing, jet and cluster
definitions,etc., this distribution includes the effects of ambiguities in reconstructing the top quark due to
the absence of information about the neutrino longitudinalmomentum. It does not, however, contain the
effects of any event selection in order to separate signal from background. This histogram demonstrates
that the effect of hadronisation and detector resolution changes the shape of the angular distribution but
still produces a highly asymmetric distribution.

In addition to the effects introduced by the detector resolution, the effect of applying the event-
selection criteria can be evaluated by applying them one at atime and observing the change in shape of
this distribution. For the purposes of the polarisation analysis the event-selection criteria are:

19TheW mass can be used to calculate the neutrino longitudinal momentum to within a two-fold ambiguity. Of these two
solutions the one which produces the best top mass is chosen.
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Fig. 31: Angular distribution of charged lepton in top rest frame for various data samples. The histograms progress fromleft-

to-right, top-to-bottom. The first histogram shows the parton-level distribution. The second histogram is after the simulation of

detector and reconstruction effects. The final four histograms illustrate the influence of event selection criteria on the angular

distribution. The effects of the cuts are cumulative and arethe result of adding pre-selection cuts, a jet-multiplicity requirement,

a forward jet tag, and a top mass window, respectively.

• Pre-selection (trigger) cuts as in ATLASt-channel analysis described previously;

• number of jets = 2;

• forward jet (|η| > 2.5) with pT > 50 GeV;

• reconstructed top mass in the range 150–200 GeV.

This set of criteria leads to a signal efficiency of 3.0%, corresponding to more than 16000 events in
10 fb−1 of integrated luminosity. Fig. 31 demonstrates the effect of applying these cuts in a cumulative
manner. Again the asymmetry of thet-channel angular distribution is preserved, though more degrada-
tion is clearly evident, in particular nearcos θℓ = 1. The degradation is worse at these values ofcos θℓ
because the leptons from these events are emitted in the direction opposite to the top boost. This reduces
the momentum of the leptons causing more of them to failpT -based selection criteria.

SinceW+ jet events dominate the background remaining after cuts, they are taken as the only
background in this analysis. Fig. 32 shows the cumulative effect of cuts on the angular distribution of
the charged lepton fromW+ jets events. A peculiar feature of these events is evident inall of these
distributions. This is the tendency for events to be groupednearcos θℓ = 1. The events which populate
this region tend to be the highestpT events. This shows that even basic jet and isolated-lepton definitions
and pre-selection cuts bias the angular distribution ofW+ jets events.

When the event-selection criteria described in the previous sections are applied, the signal-to-
background ratio (treatingW+ jets as the only background) is found to be 2.6. Using the methods
described earlier it is possible to estimate the polarisation of a mixed sample oft-channel signal and
W+ jets background. The reference distributions for 100% spin-down and 100% spin-up top quarks
mixed with background in a ratio of 2.6 are shown in Fig. 33. Also shown is the angular distribution
corresponding to a statistically-independent data samplewith SM polarisation mixed with background
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Fig. 32: The effect of event selection cuts on the angular distribution of the charged lepton inWjj events. The effects of the

cuts are cumulative. The first distribution is the result of applying the pre-selection (trigger) cuts only. Further cuts are applied

cumulatively from left-to-right, top-to-bottom.

in the ratio 2.6. Theχ2 function presented in (14) is minimised to obtain an estimate of the polarisation
of the top. To estimate the precision for one year of data-taking, the fit was done with 3456 signal events
and 1345 background events, corresponding to 2 fb−1 of integrated luminosity (∼ 1/5 of a year). For
this integrated luminosity the error on the polarisation measurement is 4.0%. Then, assuming the statis-
tics on the reference distributions,fD(cos θℓ) andfU(cos θℓ), will lead to a negligible source of error,
this precision improves to 3.5%. Projecting these results to one year of data-taking at low luminosity
(10 fb−1), assuming that the errors scale as the square root of the number of events, yields a predicted
statistical precision of 1.6% on the measurement of the top polarisation.

5.5 Conclusions on single top production

As mentioned in the introduction, single-top quark production is the only known way to directly measure
Vtb at a hadron collider. In this section we estimate the accuracy with whichVtb can be extracted at the
LHC, and discuss what will be required to achieve that accuracy.

There are four sources of uncertainty in the extraction of|Vtb|2 from the single-top cross section:
theoretical, experimental, statistical, and machine luminosity. As we have seen, the statistical uncertainty
with 30 fb−1 of integrated luminosity is less than2% for both thet-channel process20 and associated
production, and is5.5% for thes-channel process (3% with 100 fb−1). It will be a challenge to reduce
the other sources of uncertainty to5%, so we regard the statistical accuracy as being sufficient inall three
processes.

The traditional uncertainty in the machine luminosity is about 5% [159]. It may be possible to
reduce the uncertainty below this value using Drell-Yan data, but this relies on accurate knowledge of
the quark distribution functions. However, the processqq̄→W ∗→ℓν̄ involves the identical combination

20Only 10 fb−1 are required to achieve this accuracy in thet-channel process.
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Fig. 33: The first histogram shows the reference distribution for 100% spin-up top quarks after detector effects and event-

selection criteria have been applied and the appropriate level of background has been mixed in. The second histogram shows

the reference distribution for 100% spin-down top quarks. The third histogram represents the expected SM distributionfor a

statistically-independent sample of signal and background.

of parton distribution functions as thes-channel process, so it can be used to almost directly measure the
relevant parton luminosity, thereby avoiding the need to measure the machine luminosity [156].

The theoretical uncertainty is under the best control in thes-channel process. The theoretical
uncertainty is dominated by the uncertainty in the top quarkmass; an uncertainty of2 GeV yields an
uncertainty of5%. This is cut in half if the uncertainty in the top mass is reduced to1 GeV. The small
uncertainty due to variation of the factorisation and renormalisation scales can be reduced to a negligible
amount by calculating the cross section at NNLO order, whichshould be possible in the near future.
The small uncertainty from the parton distribution functions can be further reduced as described in the
previous paragraph; this also obviates the need for a measurement of the machine luminosity.

The theoretical uncertainty in thet-channel process is presently dominated by the factorisation-
scale dependence and the parton luminosity. Although the scale dependence of the total cross section
is small (4%), the uncertainty in the semi-inclusive cross section (σ(pT b̄) < 20 GeV) is about10%.
This can be reduced by calculating thepT spectrum of thēb at NLO. It may also prove possible to
measure the total cross section, although this has yet to be demonstrated. It is therefore plausible that
the factorisation-scale dependence will be about5% once the LHC is operating. It is also likely that the
uncertainty from the parton distribution functions will bereduced below its present value of10%. The
parton luminosity could be directly measured usingWj production, which is dominated bygq→Wq,
and therefore involves the identical combination of partondistribution functions as thet-channel process.
Again, this has the desirable feature of eliminating the need to measure the machine luminosity.

The theoretical uncertainty in the associated-productioncross section can be reduced far below
its present value of18%. A full NLO calculation should reduce the factorisation-scale dependence to
roughly5%. It is likely that the uncertainty from the parton distribution functions will also be reduced.
Unless it is possible to measure thegg luminosity directly, the uncertainty from the parton distribution
functions will be augmented by the uncertainty in the machine luminosity.

As far as experimental systematic uncertainties are concerned, the extraction of a signal cross
section requires knowledge of the backgrounds and of the efficiency and acceptance for the signal. These
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analyses require hard cuts on both signal and background, and so the processes need to be modelled and
understood very well.

For all of these processes, the major backgrounds arett andW+ jets. The largest background
for the s-channel process (where a doubleb-tag is employed) and associated production istt. The tt̄
process can be isolated in other decay modes and in principlewell measured. In thet-channel process
the biggest background comes fromWcj with the charm jet mistagged as ab-jet. Obviously it would be
worthwhile to develop ab-tagging algorithm having greater rejection against such mistags, even at the
cost of some signal efficiency, given that the signal rate is large. It may be possible to understand the
W+jets backgrounds by comparing with a sample ofZ+ jets events after applying similar selections to
those used to select the single-top sample inW+ jets. TheZ+ charm rate will be suppressed compared
to theW+ charm rate since the latter is mostly produced from the strange sea, which is bigger than the
charm sea; nonetheless, the cross section, kinematics, jetmultiplicities and so on can all be compared to
our simulations using theZ+ jets sample.

The forward jet tag is very effective in enhancing the signal-to-background ratio in thet-channel
process. This means that jets need to be found with good efficiency up to large rapidities, at least|η| ∼ 4
in the calorimeter. Unfortunately these observations alsoimply that the background estimate is very
sensitive to the Monte Carlo predicting the correct mix of jet flavours and jet rapidities in theW+ jets
events. (We note that VECBOS generates very few jets in the tagging region, and so far there is no
collider data on forward jets in vector-boson events which could verify whether this is correct.) Of
course, effort applied to understandingW+ heavy-flavour jets backgrounds will pay off in many other
searches besides this one, and will be a very worthwhile investment. We also look forward to the results
of ongoing efforts to improve the Monte Carlo simulation of vector-boson plus jet production [160].
Requiring exactly two jets (as was done here to reject thett background) also means that we will be very
sensitive to our knowledge of jet efficiencies, QCD radiation, etc. The cross-section measurement also
requires knowledge of theb-tagging efficiency. This should be measurable at the few-percent level using
control samples oftt events selected with kinematic cuts alone.

As mentioned above, the purely statistical uncertainty in the cross-section measurement will be
less than 5%, as will most of the theoretical uncertainties.It will be a considerable challenge to reduce
the experimental systematic uncertainty to this level. At the present time, the experimental systematic
uncertainty in thett cross section at the Tevatron (which is a similar challenge in many respects, in-
volving jets,b-tagging, and background subtraction) is about19% [10]. This total is made up of many
components which are each at the 5% level, so while it will be alot of work to reduce them, there is no
obvious “brick wall” that would prevent this.

Many of these systematic issues can also be addressed by comparing thet-channel ands-channel
single-top processes. It will be a powerful tool to be able tomeasureVtb in two channels which have
different dominant backgrounds, different selection cuts, and a different balance between theoretical and
experimental systematic uncertainties.

We are only just now entering the era of precision top physicswith Run II at the Tevatron. Single-
top production has not yet even been observed. We will learn agreat deal over the next few years about
how to model top events and their backgrounds, and how to understand the systematic uncertainties. The
LHC will undoubtedly benefit from all this experience.

If all sources of uncertainty are kept to the5% level or less, it should be possible to measure
|Vtb|2 to 10% or less. We therefore regard the measurement ofVtb with an accuracy of5% or less as an
ambitious but attainable goal at the LHC. We have also seen that a measurement of the polarisation of
single top quarks produced via thet-channel process will be possible with a statistical accuracy of 1.6%
with 10 fb−1. We have not attempted to estimate the systematic uncertainty in this measurement.
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6. tt̄ SPIN CORRELATIONS AND CP VIOLATION21

For tt̄ production at the LHC quantities associated with the spins of the top and antitop quark will
be “good” observables as well. The reason for this is well known. Because of its extremely short
lifetime τt (see Section 2.1) the top quark decays before it can form hadronic bound states. Thus the
information on the spin of the top quark does not get diluted.As the spin-flip time is much larger
thanτt it is, moreover, very unlikely that the top quark changes itsspin-state by emitting gluon(s) via a
chromomagnetic dipole transition before it decays. In any case this amplitude is calculable with QCD
perturbation theory. Hence by measuring the angular distributions and correlations of the decay products
of t andt̄ the spin-polarisations and the spin-spin correlations that were imprinted upon thett̄ sample by
the production mechanism can be determined and compared with predictions made within the SM or its
extensions. Therefore these spin phenomena are an additional important means to study the fundamental
interactions involving the top quark.

In this section we are concerned with the production and decay of top-antitop pairs. At the LHC
the maintt̄ production process is gluon-gluon fusion,qq̄ annihilation being sub-dominant. As the main
SM decay mode ist→W+b we shall consider here the parton reactions

gg, qq̄ → tt̄+X → bb̄+ 4f +X, (16)

wheref denotes either a quark, a charged lepton or a neutrino. If thefinal state in (16) contains two,
one, or no highpT charged lepton(s) then we call these reactions, as usual, the di-lepton, single lepton,
and non-leptonictt̄ decay channels, respectively. To lowest order QCD the matrix elements for (16),
including the completett̄ spin correlations and the effects of the finite top andW widths, were given in
[161, 162]. Spin correlation effects intt̄ production in hadron collisions were studied within the SM in
[162, 163, 164, 165, 166, 167, 168].

In order to discuss the top spin-polarisation and correlation phenomena that are to be expected
at the LHC it is useful to employ the narrow-width approximation for the t and t̄ quarks. Because
Γt/mt ≪ 1 one can write, to good approximation, the squares of the exact Born matrix elementsM(λ),
λ = gg, qq̄, in the form

| M(λ)|2 ∝ Tr [ρR(λ)ρ̄] ≡ ρα′αR
(λ)
αα′,ββ′ ρ̄β′β. (17)

The complete spin information is contained in the (unnormalised) spin density matricesR(λ) for the
production of on-shelltt̄ pairs and in the density matricesρ, ρ̄ for the decay of polarisedt and t̄ quarks
into the above final states. The trace in (17) is to be taken in the t and t̄ spin spaces. The decay density
matrices will be discussed below. The matrix structure ofR(λ) is

R
(λ)
αα′,ββ′ = A(λ)δαα′δββ′ +B

(λ)
i (σi)αα′δββ′ + B̄

(λ)
i δαα′(σi)ββ′ + C

(λ)
ij (σi)αα′(σj)ββ′ , (18)

whereσi are the Pauli matrices. Using rotational invariance the “structure functions”B(λ)
i , B̄

(λ)
i and

C
(λ)
ij can be further decomposed. A general discussion of the symmetry properties of these functions is

given in [169]. The functionA(λ), which determines thett̄ cross section, is known in QCD at NLO [38].
Because of parity (P) invariance the vectorsB(λ), B̄(λ) can have, within QCD, only a component normal
to the scattering plane. This component, which amounts to a normal polarisation of thet quark,Pt

⊥, is
induced by the absorptive part of the respective scatteringamplitude and was computed for the above
LHC processes to orderα3

s [170]. (Pt
⊥ = P t̄

⊥ if CP invariance holds.) The size of the normal polarisation
depends on the top quark scattering angle and on the c.m. energy. In the gluon-gluon fusion processPt

⊥
reaches peak values of about 1.5%. In tt̄ production at the LHC the polarisation of the top quark within
the partonic scattering plane, which is P-violating, is small as well within the SM. Therefore thet and t̄
polarisations in the scattering plane are good observablesto search for P-violating non-SM interactions
in the reactions (16) – see Section 3.4.

21Section coordinators: W. Bernreuther, A. Brandenburg, V. Simak (ATLAS), L. Sonnenschein (CMS).
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The tt̄ production by the strong interactions leads, on the other hand, to a significant correlation
between thet and t̄ spins. This correlation is encoded in the functionsC(λ)

ij . Using P- and charge-
conjugation (C) invariance they have, in the case of att̄ final state, the structure

C
(λ)
ij = c

(λ)
1 δij + c

(λ)
2 p̂ip̂j + c

(λ)
3 k̂tik̂tj + c

(λ)
4 (k̂tip̂j + p̂ik̂tj), (19)

wherep̂ andk̂t are the directions of flight of the initial quark or gluon and of the t quark, respectively, in
the parton c.m. frame. So far the functionsc(λ)

r are known to lowest-order QCD only (see, e.g., [164]).
For att̄X final state a decomposition similar to (19) can be made.

From (19) one may read off the following set of spin-correlation observables [164]:

(k̂t · st)(k̂t̄ · st̄), (20)

(p̂ · st)(p̂ · st̄), (21)

st · st̄, (22)

(p̂ · st)(k̂t̄ · st̄) + (p̂ · st̄)(k̂t · st), (23)

wherest, st̄ are thet and t̄ spin operators, respectively. The observables (20), (21),and (23) determine
the correlations of differentt, t̄ spin projections. Eq. (20) corresponds to a correlation of the t and t̄
spins in the helicity basis, while (21) correlates the spinsprojected along the beam line. We note that the
“beam-line basis” defined in [166] refers to spin axes being parallel to the left- and right-moving beams
in the t and t̄ rest frames, respectively. Thett̄ spin correlation in this basis is a linear combination of
(20), (21), and (23).

A natural question is: what is – assuming only SM interactions – the best spin basis or, equiva-
lently, the best observable for investigating thett̄ spin correlations? For quark-antiquark annihilation,
which is the dominant production process at the Tevatron, itturns out that the spin correlation (21)
[164, 168] and the correlation in the beam-line basis [166] is stronger than the correlation in the helicity
basis. In fact, for̄qq annihilation a spin-quantisation axis was constructed in [167] with respect to which
the t and t̄ spins are 100% correlated. At the LHC the situation is different. Forgg→tt̄ at threshold
conservation of total angular momentum dictates that thett̄ is in a1S0 state. Choosing spin axes parallel
to the right- and left-moving beams this means that we havetLt̄L andtRt̄R states at threshold. On the
other hand at very high energies helicity conservation leads to the dominant production of unlike helicity
pairstRt̄L andtLt̄R. One can show that no spin quantisation axis exists forgg→tt̄ with respect to which
the t and t̄ spins are 100% correlated. The helicity basis is a good choice, but one can do better. This
is reflected in the above observables. Computing their expectation values and statistical fluctuations one
finds [164] that (22) has a higher statistical significance than the helicity correlation (20) which in turn is
more sensitive than (21) or the correlation in the beam-linebasis.

The spins of thet and t̄ quarks are to be inferred from their P-violating weak decays, i.e., from
t→bW+→bℓ+νℓ or bqq̄′ and likewise for̄t if only SM interactions are relevant. As already mentioned
and used in previous sections, in this case the charged lepton fromW decay is the best analyser of the top
spin. This is seen by considering the decay distribution of an ensemble of polarisedt quarks decaying
into a particlef (plus anything) with respect to the angle between the polarisation vectorξt of the top
quark and the direction of flight̂qf of the particlef in thet rest frame. This distribution has the generic
form

1

Γ

dΓ

d cos θf
=

1

2
(1 + κf ξt · q̂f ), (24)

where the magnitude of the coefficientκf signifies the spin-analyser quality off . The SM values for
somef , collected from [171, 172, 173, 174], are given in Table 12. The correspondingt decay density
matrix in thet rest frame is read off from (24) to beρα′α = (1l + κf σ · q̂f )α′α. The distributions for
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Table 12: Correlation coefficientκf for V − A charged current. In the last column l.e.j. stands for least energetic jet in thet

rest frame.
f ℓ+, d̄, s̄ νℓ, u, c b W+ l.e.j. fromqq̄′

κf 1 −0.31 −0.41 0.41 0.51

the decay of polarised antitop quarks are obtained by replacing κf→ − κf in (24). The orderαs QCD
corrections to the decayst→bℓν andt→Wb of polarisedt quarks were computed in [171] and [175],
respectively. Fort, t̄ polarisation observables these corrections are small.

From the above table it is clear that the best way to analyse the tt̄ spin correlations is through
angular correlations among the two charged leptonsℓ+ℓ′− in the di-lepton final state. Using the produc-
tion and decay density matrices in (17), neglecting the 1-loop induced QCD normal polarisation, and
integrating over the azimuthal angles of the charged leptons one obtains the following normalised double
distribution, e.g. in the helicity basis

1

σ

d2σ

d cos θ+d cos θ−
=

1 + Cκℓ+κℓ− cos θ+ cos θ−
4

, (25)

whereκℓ+κℓ− = −1 andθ+(θ−) is the angle between thet(t̄) direction in thett̄ c.m. frame and the
ℓ+(ℓ−) direction of flight in thet(t̄) rest frame. The coefficientC, which is the degree of the spin

correlation in the helicity basis, results from thec(λ)
i in (19) and it is related to [165]:

C =
N(tLt̄L + tRt̄R) −N(tLt̄R + tRt̄L)

N(tLt̄L + tRt̄R) +N(tLt̄R + tRt̄L)
. (26)

For partonic final states and to lowest order inαs one getsC = 0.332 for the LHC. (The number
depends somewhat on the parton distributions used. Here andbelow the set CTEQ4L [116] was used.)
The optimum would be to find a spin axis with respect to which|C| = 1. But, as stated above, this is not
possible forgg fusion. In addition to (25), analogous correlations amongℓ+ from t and jets from̄t decay
(and vice-versa) in the single lepton channels, and jet-jetcorrelations in the non-leptonic decay channels
should, of course, also be studied. While the spin-analysing power is lower in these cases, one gains in
statistics.

From the above example is quite obvious that, for a giventt̄ decay channel, thett̄ spin correlation
will be most visible when the angular correlations among thet and t̄ decay products are exhibited in
terms of variables defined in thet and t̄ rest frames. An important question is therefore how well the
4-momenta of thet and t̄ quarks can be reconstructed experimentally? We briefly discuss the results of
a simulation of the single lepton and di-lepton channels [176] which includes hadronisation and detector
effects using PYTHIA [52] and the ATLFAST [105] software packages. The transverse momentum of
every reconstructed object like a jet, a charged lepton, or the missing transverse energy of an event has to
exceed a certain minimum valuepminT . The detector acceptances impose further restrictions on the phase
space of the detected objects in pseudo-rapidity.

In the case of the single leptontt̄ decay channels one isolated lepton (e± or µ±) is required. From
the missing transverse energy of the event and theW mass constraint the longitudinal momentumpz
of the neutrino can be determined up to a twofold ambiguity. It turns out that in most cases the lower
solution ofpz is the correct one. To complete the event topology, four jetsare demanded. Two of them
have to be identified asb-jets coming from top decay.

The two non-tagged jets are often misidentified due to additional activity in the detector from
initial and final state radiation. To suppress the QCD background the invariant mass of the two jets has to
lie in a narrow mass window around the known mass of theW boson. After this cut the two-jet system
is rescaled to theW mass. Finally there is a twofold ambiguity when theb-jets are combined with the
reconstructedW bosons. The combination which yields the lower reconstructed top mass turns out to be
the correct one most of the time.
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Fig. 35: Same distribution as in the figure to the left, but

including the SMtt̄ spin correlations. The detector response

was simulated with CMSJET.

In the case of the di-lepton decay channels two isolated oppositely charged leptons are requested.
Moreover two jets have to be detected and tagged asb-jets. With the known top andW masses and with
the missing transverse energy of the event the unknown 3-momenta of the neutrino and anti-neutrino can
be computed using the kinematic constraints of the event. These result in a system of two linear and
four quadratic equations. The equations can be solved numerically and usually several solutions arise.
Since the experimentally determined momenta do not coincide with the corresponding variables at the
parton level the kinematic constraints have to be relaxed somewhat in order to improve the reconstruction
efficiency. The algorithm set up in [176] was used to solve these equations. The best solution can be
obtained by computing weights from known distributions. Following [176] the highest efficiency was
obtained using the weight given by the product of the energy distributions ofνℓ and ν̄ℓ and thecos θ∗t
distribution in thett̄ c.m. frame.

For the LHC running at low luminosity (L = 1033 cm−2s−1), about4 × 105 tt̄ events per year
are expected in the di-lepton decay channels (ℓ = e, µ). A further simulation of these channels was
performed in order to study the joint distribution (25). PYTHIA 5.7 [52] was used for the event generation,
CMSJET [177] for the detector response and the algorithm of [176] for the reconstruction of thet, t̄
momenta. The transverse momenta of the two isolated, oppositely charged leptons and of the two jets
were required to exceed20 GeV. The minimal missing transverse energy of the event was chosen to be
40 GeV. A further selection criterion was that each jet provides at least two tracks with a significance
of the transverse impact parameter above3.0 to be tagged asb-jet. The processes were simulated in
two different ways. First the SM matrix elements of [75] for the reactions (16), which contain thett̄
spin correlations, were implemented into PYTHIA . For comparison these channels were also simulated
with the PYTHIA default matrix elements forgg, qq̄→tt̄ which do not contain spin correlations. In both
simulations initial and final state radiation, multiple interactions, and the detector response was included.
In Figs. 34, 35 we have plotted the resulting double distributionsd2N/d cos θ+d cos θ−. They have been
corrected for the distortions of the phase space due to the cuts. A fit to the distribution Fig. 35 according
to (25) yields the correlation coefficientC = 0.331 ± 0.023, in agreement with the valueC = 0.332
obtained at the parton level without cuts. A fit to Fig. 34 leads toC = −0.021 ± 0.022 consistent with
C = 0. Systematic errors, for instance due to background processes, e.g.,Z∗→ℓ+ℓ− accompanied by
two b-jets, remain to be investigated.
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From these double distributions one may form one- or zero-dimensional projections, for instance
asymmetries as considered in [166, 165, 168]. Another approach is to study distributions and expectation
values of angular correlation observables which would be zero in the absence of thett̄ spin correlations.
A suitable set of observables is obtained by transcribing, for instance, the spin observables given above
into correlations involving the directions of flight of those final state particles that are used to analyse
the t and t̄ spins. As an example we discuss the case of the single lepton channelst→bqq̄′, t̄→b̄ℓ−ν̄ℓ.
One may choose to analyse thet spin by the direction of flight̂q∗

b of the b-jet in the rest frame of thet
quark and thēt spin by the momentum direction̂q− of theℓ− in the laboratory frame. The latter is rather
conservative in that no reconstruction of thet̄ momentum is necessary. Then (20)-(22) are translated into
the observables

O1 = (q̂∗
b · p̂p)(q̂− · p̂p), (27)

O2 = (q̂∗
b · k̂t)(q̂− · k̂t), (28)

O3 = q̂∗
b · q̂−, (29)

wherep̂p refers to the beam direction. The pattern of statistical sensitivities of the spin observables
(20)-(22) stated above is present also in these angular correlations. Computing the expectation values
〈Oi〉 and the statistical fluctuations∆Oi and those of the observables for the corresponding charge
conjugated channels, one gets for the statistical significances of these observables at the parton level
[164]: S1 ≈ 0.007

√
Nbℓ− , S2 ≈ 0.025

√
Nbℓ− , andS3 ≈ 0.055

√
Nbℓ− , whereNbℓ− is the number of

reconstructed events in the specific single lepton channel.The linear combination

O4 = O3 −O1 (30)

has a still higher sensitivity thanO1, namelyS3 ≈ 0.073
√
Nbℓ− . Even with104 reconstructedbℓ− and

b̄ℓ+ events each one would get a 7.3σ spin-correlation signal with this observable. The significance of
these observables after the inclusion of hadronisation anddetector effects remains to be studied.

The results of the above simulations are very encouraging for the prospect oft, t̄ spin physics. On
the theoretical side the NLO QCD corrections to the helicityamplitudes, and to the spin density matrices
should be computed in order to improve the precision of the predictions and simulation tools.

If tt̄ production and/or decay is affected by non-SM interactionsthen the correlations above will
be changed. One interesting possibility would be the existence of a heavy spin-zero resonanceX0 (for
instance a heavy (pseudo)scalar Higgs boson as predicted, e.g., by SUSY models or some composite
object) that couples strongly to top quarks. For a certain range of masses and couplings tott̄ such an
object would be visible in thett̄ invariant mass spectrum [74, 75]. Suppose one will be fortunate and
discover such a resonance at the LHC. Then the parity of this state may be inferred from an investigation
of tt̄ spin correlations. This is illustrated by the following example. As already mentioned above, close
to threshold gluon-gluon fusion produces att̄ pair in a1S0 state. On the other hand if the pair is produced
by theX0 resonance,gg→X0→tt̄, then for a scalar (pseudo-scalar)X0 the tt̄ pair is in a3P0 (1S0)
state and has therefore characteristic spin correlations.Let us evaluate, for instance, the observable
(22). Its expectation value at threshold is〈st ·st̄〉 = 1/4 (−3/4) if tt̄ is produced by a (pseudo)scalar
spin-zero boson, ignoring thegg→tt̄ background. An analysis which includes the interference with the
QCD tt̄ amplitude shows characteristic differences also away fromthreshold. By investigating several
correlation observables (i.e., employing different spin bases) one can pin down the scalar/pseudo-scalar
nature of such a resonance for a range ofX0 masses and couplings to top quarks [75].

Another effect of new physics might be the generation of an anomalously large chromomagnetic
form factorκ (see Section 7.1) in thett̄ production amplitude which would change the spin correlations
with respect to the SM predictions [178, 179] (see also [180,181]). For the LHC with 100 fb−1 integrated
luminosity one obtains from a study of asymmetries (that were also used in [179]) at the parton level a
statistical sensitivity ofδκ ≃ 0.02.
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The top quark decay modest→bℓ+νℓ, bqq̄
′ might also be affected by non-SM interactions, for

instance by right-handed currents or by charged Higgs-boson exchange, and this would alter the angular
correlations discussed above as well. A Michel-parameter type analysis of the sensitivity to such effects
at the LHC remains to be done.

The largett̄ samples to be collected at the LHC offer, in particular, an excellent opportunity to
search for CP-violating interactions beyond the SM in high energy reactions. (The Kobayashi-Maskawa
phase induces only tiny effects intt̄ production and decay.) We mention in passing that such interactions
are of great interest for attempts to understand the baryon asymmetry of the universe. Many proposals
and phenomenological studies of CP symmetry tests intt̄ production and decay at hadron colliders have
been made. The following general statements apply [169]: A P- and CP-violating interaction affecting
tt̄ production induces additional terms in the production density matricesR(λ) which generate two types
of CP-odd spin-momentum correlations, namely

k̂t · (st − st̄) , (31)

and
k̂t · (st × st̄) , (32)

and two analogous correlations wherek̂t is replaced bŷp. The longitudinal polarisation asymmetry (31)
requires a non-zero CP-violating absorptive part in the respective scattering amplitude. In analogy to the
SM spin correlations above, (31) and (32) can also be transcribed into angular correlations among thet
andt̄ decay products, which may serve as basic CP observables (seebelow).

As to the modelling of non-SM CP violation two different approaches have been pursued. One is to
parameterise the unknown dynamics with form factors or, neglecting possible dependences on kinematic
variables, with couplings representing the strength of effective interactions [180, 182, 173, 183, 178, 179,
184, 185], and compute the effects on suitable observables.This yields estimates of the sensitivities to
the respective couplings. For instance iftt̄ production is affected by a new CP-violating interaction with
a characteristic energy scaleΛCP >

√
ŝ then this interaction may effectively generate a chromoelectric

dipole moment (CEDM)dt of the top quark (see Section 7.1). Assuming107 non-leptonic,6×106 single
lepton, and106 tt̄ di-lepton events, the analysis of [185], using optimal CP observables, comes to the
conclusion that a1σ sensitivity ofδ(Redt) ≃ 5×10−20gs cm may be reached at the LHC. A detector-
level study of CP violation intt̄ decays with di-lepton final states was performed in [186].

Alternatively one may consider specific extensions of the SMwhere new CP-violating interac-
tions involving the top quark appear and compute the inducedeffects intt̄ production and decay, in
particular for the reactions (16). We mention two examples.In supersymmetric extensions of the SM,
in particular in the minimal one (MSSM), the fermion-sfermion-neutralino interactions contain in gen-
eral CP-violating phases which originate from SUSY-breaking terms. These phases are unrelated to the
Kobayashi-Maskawa phase. The interaction Lagrangian for the top quark coupling to a scalar topt̃1,2
and a gluinoG̃ reads in the mass basis

LG̃tt̃ = i
√

2gs
∑

l=1,2

(e−iφt t̄LΓlG̃
aT at̃l + e+iφt t̄RΓ′

lG̃
aT at̃l) + h.c., (33)

wheregs is the QCD coupling. A priori the phaseφt is unrelated to the analogous phases in the light
quark sector which are constrained by the experimental upper bound on the electric dipole moment of
the neutron. The CP-violating one-loop contributions of (33) togg, q̄q→tt̄ were computed in [187, 185].
A non-zero CP effect requires, apart from a non-zero phaseφt, also non-degeneracy of the masses of
t̃1,2. For fixed phase and̃t1 − t̃2 mass difference the effect decreases with increasing gluino and scalar
top masses. Assuming the same data samples as in the CEDM analysis above, [185] concludes from
a computation of optimal CP observables that a sensitivity|φt| >∼ 0.1 can be reached at the LHC if the
gluino and squark masses do not exceed 400 GeV.
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Fig. 36: Right: differential expectation value ofQ1 as a function of thett̄ invariant mass at
√
s = 14 TeV for reduced Yukawa

couplingsat = 1, ãt = −1, and a Higgs boson massmϕ = 400 GeV. The dashed line represents the resonant and the solid

line the sum of the resonant and non-resonantϕ contributions. Left: same as figure to the left, but for the observableQ2 [86].

Another striking possibility would be CP violation by an extended scalar sector manifesting itself
through the existence of non-degenerate neutral Higgs bosons with undefined CP parity. Higgs sector CP
violation can occur already in extensions of the SM by an extra Higgs doublet (see, for instance [188]). It
may also be sizable in the MSSM within a certain parameter range [189]. The coupling of such a neutral
Higgs bosonϕ with undefined CP parity to top quarks reads

LY = −(
√

2GF )1/2mt(att̄t+ ãtt̄iγ5t)ϕ , (34)

whereat and ãt denote the reduced scalar and pseudo-scalar Yukawa couplings, respectively (in the
SM at = 1 and ãt = 0). The CP-violating effects of (34) ongg, q̄q→tt̄ were investigated for light
ϕ in [190] and forϕ bosons of arbitrary mass in [191, 169] (see also [185, 86]). The exchange ofϕ
bosons induces, at the level of thett̄ states, both types of correlations (32), (31) (the CP asymmetry
∆NLR = [N(tLt̄L)−N(tRt̄R)]/(all tt̄) considered in [190] corresponds to the longitudinal polarisation
asymmetry〈k̂t · (st̄ − st)〉). If the mass ofϕ lies in the vicinity or above2mt thes-channelϕ-exchange
diagramgg→ϕ→tt̄ becomes resonant and is by far the most importantϕ contribution.

Simple and highly sensitive observables and asymmetries were investigated for the differenttt̄
decay channels in [86]. For the di-lepton channels the following transcriptions of (31) and (32) may be
used:

Q1 = k̂t · q̂+ − k̂t̄ · q̂− , (35)

Q2 = (k̂t − k̂t̄) · (q̂− × q̂+)/2 , (36)

wherek̂t, k̂t̄ are here thet, t̄ momentum directions in thett̄ c.m. frame and̂q+,q̂− are theℓ+, ℓ−

momentum directions in thet and t̄ quark rest frames, respectively. Note thatQ1 = cos θ+ − cos θ−
whereθ± are defined after (25). When taking expectation values of these observables the channels
ℓ+, ℓ′− with ℓ, ℓ′ = e, µ are summed over. The sensitivity to the CP-violating product of couplings
γCP ≡ −atãt of heavy Higgs bosons is significantly increased when expectation values of (35), (36) are
taken with respect to bins of thett̄ invariant massMtt̄. Two examples of these “differential expectation
values” are shown in Fig. 36. In order to estimate the measurement errors we have used a sample of di-
lepton events, obtained from a simulation at the detector level using the same selection criteria as in the
simulation described above, and determined the resulting error on the expectation value ofQ1, choosing
Mtt̄ bins with a width of 10 GeV. With2 × 105 reconstructed di-lepton events in the wholeMtt̄ range
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we find that the error on〈Q1〉Mtt̄
is slightly below1% for a bin at, say,Mtt̄ = 400 GeV. In addition one

may employ the following asymmetries which are experimentally more robust than〈Qi〉:

A(Qi) =
Nℓℓ(Qi > 0) −Nℓℓ(Qi < 0)

Nℓℓ
, (37)

wherei = 1, 2 andNℓℓ is the number of di-lepton events. From an analysis of these observables and
asymmetries and analogous ones for the single lepton channels at the level of partonic final states the
conclusion can be drawn [86] that one will be sensitive to|γCP | >∼ 0.1 at the LHC. This will constitute
rather unique CP tests.

7. TOP QUARK ANOMALOUS INTERACTIONS22

In the SM the gauge couplings of the top quark are uniquely fixed by the gauge principle, the structure
of generations and the requirement of a lowest dimension interaction Lagrangian. Due to the large top
mass, top quark physics looks simple in this renormalisableand unitary quantum field theory. Indeed,

• the top quark production cross section is known with a rathergood accuracy (∼ (10 − 15) %),

• there are no top hadrons (mesons or baryons),

• the top quark decay is described by pure(V −A) weak interactions,

• only one significant decay channel is present:t→bW+ (other decay channels are very suppressed
by small mixing angles).

This simplicity makes the top quark a unique place to search for new physics beyond the SM. If anoma-
lous top quark couplings exist, they will affect top production and decay at high energies, as well as
precisely measured quantities with virtual top quark contributions.

We do not know which type of new physics will be responsible for a future deviation from the SM
predictions. However, top quark couplings can be parametrized in a model independent way by an effec-
tive Lagrangian. The top quark interactions of dimension 4 can be written (in standard notation [192]):

L4 = −gst̄γµT atGaµ −
g√
2

∑

q=d,s,b

t̄γµ(vWtq − aWtq γ5)qW
+
µ

−2

3
et̄γµtAµ −

g

2 cos θW

∑

q=u,c,t

t̄γµ(vZtq − aZtqγ5)qZµ (38)

plus the hermitian conjugate operators for the flavour changing terms.T a are the Gell-Mann matrices
satisfyingTr (T aT b) = δab/2. Gauge invariance fixes the strong and electromagnetic interactions in (38)
and hemiticity implies real diagonal couplingsvZtt , a

Z
tt, whereas the non-diagonal onesvW,Ztq , aW,Ztq can

be complex in general. Within the SMvWtq = aWtq =
Vtq

2 , with Vtq the Cabbibo-Kobayashi-Maskawa
(CKM) matrix elements,vZtt = 1

2 − 4
3 sin2 θW , a

Z
tt = 1

2 , and the non-diagonalZ couplings are equal
to zero. Typically modifications of the SM couplings can be traced back to dimension 6 operators in
the effective Lagrangian description valid above the EW symmetry breaking scale [193, 194, 195] (see
also [196, 132, 197]). Hence, they are in principle of the same order as the other dimension 5 and
6 couplings below the EW scale. However, in specific models the new couplings in Eq. (38) can be
large [198]. Moreover, the present experimental limits arerelatively weak and these couplings can show
up in simple processes and can be measured with much better precision at the LHC.

The dimension 5 couplings to one on-shell gauge boson, aftergauge symmetry breaking, have the
generic form: [199] :

L5 = −gs
∑

q=u,c,t

κgtq
Λ
t̄σµνT a(f gtq + ihgtqγ5)qG

a
µν −

g√
2

∑

q=d,s,b

κWtq
Λ
t̄σµν(fWtq + ihWtq γ5)qW

+
µν

22Section coordinators: F. del Aguila, S. Slabospitsky, M. Cobal (ATLAS), E. Boos (CMS).
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−e
∑

q=u,c,t

κγtq
Λ
t̄σµν(fγtq + ihγtqγ5)qAµν −

g

2 cos θW

∑

q=u,c,t

κZtq
Λ
t̄σµν(fZtq + ihZtqγ5)qZµν (39)

plus the hermitian conjugate operators for the flavour changing terms.Gaµν is ∂µGaν − ∂νG
a
µ (see, how-

ever, below) and similarly for the other gauge bosons. We normalise the couplings by takingΛ = 1 TeV.
κ is real and positive andf, h are complex numbers satisfying for each term|f |2 + |h|2 = 1. As in
the dimension 4 case these dimension 5 terms typically result from dimension 6 operators after the EW
breaking. They could be large, although they are absent at tree level and receive small corrections in
renormalizable theories. At any rate the LHC will improve appreciably their present limits.

There are also dimension 5 terms with two gauge bosons. However, the only ones required by
the unbroken gauge symmetrySU(3)C × U(1)Q, and taken into account here, are the strong couplings
with two gluons and the EW couplings with a photon and aW boson. They are obtained including
also the bilinear termgsfabcGbµG

c
ν , with fabc theSU(3)C structure constants, in the field strengthGaµν

in (39) and the bilinear term−ie(AµW+
ν −AνW

+
µ ) in W+

µν , respectively. We do not consider any other
dimension 5 term with two gauge bosons for their size is not constrained bySU(3)C × U(1)Q and/or
they only affect to top quark processes with more complicated final states than those discussed here. We
will not elaborate on operators of dimension 6, although thefirst q2 corrections to dimension 4 terms
could be eventually observed at large hadron colliders [134]. In this section we are not concerned with
the effective top couplings to Higgs bosons either.

In what follows we study the LHC potential for measuring or putting bounds on the top quark
anomalous interactions in (38), (39) through production processes. Results from top quark decays are
presented is Section 8. Thett̄ couplings to gluons are considered first, since they are responsible for
tt̄ production. Secondly we discuss the top quark couplingst̄bW . In the SM this coupling is not only
responsible for almost100% of the top decays but it also leads to an EW single top production mode,
as reviewed in Section 5.. Finally we deal with thet flavour changing neutral currents (FCNC). Theγtt̄
andZtt̄ vertices have not been considered here becausee+e− andµ+µ− colliders can give a cleaner
environment for their study.

With the exception of the summary Table 23, we will quote limits from the literature without
attempting to compare them. In Table 13 we illustrate statistics frequently used and which we will refer
to in the text when presenting the bounds. As can be observed,the number of signal events, and the limit
estimates, vary appreciably with the choice of statistics.We do correct for the different normalizations
of the couplings used in the literature.

Table 13: Limits on the number of signal eventsS obtained with different statistics.B is the number of background events. In

the other columns we gatherS for (1): 99% CL (3 σ) measurement, S√
S+B

≥ 3; (3): 99% CL (3 σ) limit, S√
B

≥ 3; and (5):

99% CL for the Feldman-Cousins (FC) statistics [200]; and similarly for (2), (4), and (6), for the95% CL (1.96σ), respectively.

B (1) (2) (3) (4) (5) (6)

0 9 3.84 0 0 4.74 3.09
5 12.57 6.71 6.71 4.38 8.75 6.26
10 15 8.41 9.49 6.20 10.83 7.82
15 16.96 9.75 11.62 7.59 12.81 9.31

7.1 Probes of anomalous gtt̄ couplings

The combination4mt

Λ κgttf
g
tt (see (39)) can be identified with the anomalous chromomagnetic dipole mo-

ment of the top quark, which, as is the case of QED, receives one-loop contributions in QCD. Therefore,
its natural size is of the order ofαs/π. As we observed above, when this coupling is non-zero a direct
ggt̄t four-point vertex is induced as a result of gauge invariance.
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Table 14: Attainable 1σ limits onRe(dt) andIm(dt), throughT33, AE andQ33 for one year of the LHC running at low

luminosity (10 fb−1) [204].

Observable Attainable 1σ limits

T33 |Re(dt)| = 0.899 × 10−17gscm
AE |Im(dt)| = 0.858 × 10−18gscm
Q33 |Im(dt)| = 0.205 × 10−17gscm

On the other hand the combination4mt

Λ κgtth
g
tt can be identified as the anomalous chromoelectric

dipole moment of the top quark. Within the SM this can arise only beyond two loops [201]. On the
other hand it can be much larger in many models of CP violationsuch as multi-Higgs-doublet models and
SUSY [202]. Therefore, such a non-vanishing coupling wouldbe a strong indication of BSM physics.

Considering the gluonic terms in (38), (39) for the process of light quark annihilation intōtt one
obtains [181, 203]

dσqq̄
dt

=
2παs
9 ŝ2

[

2 − β2(1 − z2) − 8mt

Λ
κgtt(f

g
tt + f g∗tt ) +

32m2
t

Λ2
(κgtt)

2|f gtt|2 +
4ŝ

Λ2
(κgtt)

2β2(1 − z2)

]

,

(40)
ŝ being the incoming parton total energy squared,z being the cosine of the scattering angleθ∗ in the cms

of the incoming partons, andβ =
√

1 − 4m2
t/ŝ.

The squared matrix element forgg annihilation is a more complicated expression; we refer to [181,
204] for exact formulas. If the (anomalous) couplings are assumed to be functions (form-factors) ofq2

and then corrected by operators of dimension higher than 5, thegg annihilation amplitude would be eval-
uated at different scales (for thêt(û) andŝ channels), and an additional violation of theSU(3)C gauge
invariance could be made apparent. For a detailed discussion of this problem see, for example, [181] and
references therein.

The effects associated withκgttf
g
tt were examined in [181, 205, 206]. As shown in [134] they will

be easily distinguishable from the effects ofq2 corrections to the strong coupling due to operators of
dimension 6, which are relatively straightforward to analyse [195] intt̄ production since the effective
coupling would be a simple rescaling of the strength of the ordinary QCD coupling by an additionalq2-
dependent amount. It was shown in [206] that the high-end tail of the top quarkpT andMtt̄ distributions
are the observables most sensitive to non-zero values ofκgttf

g
tt, with a reach forκ = 4mt

Λ κgttf
g
tt as small

as≃ 0.03. For these values ofκ, only a minor change in the totaltt̄ rate is expected (see Fig. 37).
The effect of a non-zeroκgtth

g
tt was analysed, in particular, in [204, 207, 172]. It was shownin [204]

that information onκgtth
g
tt could be obtained by studying the following correlation observables between

ℓ+ℓ− lepton pairs produced intt̄ in di-lepton decays:

T33 = 2(pℓ̄ − pℓ)3(pℓ̄ × pℓ)3,

AE = Eℓ̄ − Eℓ, Qℓ33 = 2(pℓ̄ + pℓ)3(pℓ̄ − pℓ)3 −
2

3
(p2
ℓ̄ − p

2
ℓ).

Table 14 shows the 1σ sensitivities of these correlations toRe(dt) andIm(dt) (where,dt ≡ gs
2
Λκ

g
tth

g
tt).

Quantitatively,T33 andQ33 enable us to probeRe(dt) andIm(dt) of the order of10−17gscm, respec-
tively, andAE allows us to probeIm(dt) down to the order of10−18gscm (see [204] for details).

7.2 Search for anomalous Wtb couplings

TheWtb vertex structure can be probed and measured using either toppair or single top production
processes. The totaltt̄ rate depends very weakly on theWtb vertex structure, as top quarks are dom-
inantly produced on-shell [208]. However, more sensitive observables, likeC andP asymmetries, top
polarisation and spin correlations provide interesting information, as discussed in Section 6. The single
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Fig. 37: Cross section fortt̄ production (solid) at the LHC as a function ofκ. The part of the cross section arising from the

gg(qq̄) annihilation is shown by the dash-dotted (dotted) curve (see [206] for details).

top production rate is directly proportional to the square of theWtb coupling, and therefore it is poten-
tially very sensitive to theWtb structure. In single top events the study of the top polarisation properties
potentially provides a way to probe aWtb coupling structure [209]. The potential to measure anomalous
Wtb couplings at LHC via single top from the production rate and from kinematical distributions has
been studied in several papers [195, 210, 135, 30].

In the model independent effective Lagrangian approach [193, 194, 195] there are four indepen-
dent form factors describing theWtb vertex (see [195] for details). The effective Lagrangian inthe
unitary gauge [211, 208, 135] is given in (38), (39). As already mentioned the(V −A) coupling in the
SM carries the CKM matrix elementVtb which is very close to unity. The value of a(V + A) coupling
is already bounded by the CLEOb → sγ data [212, 213] at a level [195, 213] such that it will be out
of reach even at the high energyγe colliders. Since we are looking for small deviations from the SM,
in the followingvWtb andaWtb will be set tovWtb = aWtb = 1

2 and an analysis is presented only for the two
’magnetic’ anomalous couplingsFL2 = 2MW

Λ κWtb (−fW∗
tb − ihW∗

tb ), FR2 = 2MW

Λ κWtb (−fW∗
tb + ihW∗

tb ).

Natural values for the couplings|FL(R)2| are in the region of
√
mbmt

v ∼ 0.1 [196] and do not exceed the
unitarity violation bounds for|FL(R)2| ∼ 0.6 [194].

Calculations of the complete set of diagrams for the two mainprocessespp → bb̄W andpp →
bb̄W + jet have been performed [135] for the effective Lagrangian in (38), (39), using the package Com-
pHEP [214]. The calculation includes the single-top signaland the irreducible backgrounds. Appropriate
observables and optimal cuts to enhance the single-top signal have been identified through an analysis of
singularities of Feynman diagrams and explicit calculations. The known NLO corrections to the single
top rate [126, 125] have been included, as well as a simple jetenergy smearing. The upper part of Fig. 38
presents the resulting 2σ exclusion contour for an integrated luminosity of100 fb−1, assuminge, µ and
τ→ℓ decays of theW -boson. The combined selection efficiency in the kinematical region of interest,
including the doubleb-tagging, is assumed to be50%. Figure 38 demonstrates that it will be essential to
measure both processespp→ bb̄W andpp→ bb̄W + jet at the LHC. The allowed region for each single
process is a rather large annuli, but the overlapping regionis much smaller and allows an improvement
of the sensitivity on anomalous couplings of an order of magnitude with respect to the Tevatron. Since
the production rate is large, even after strong cuts, expected statistical errors are rather small, and the
systematic uncertainties (from luminosity measurements,parton distribution functions, QCD scales,mt,
. . . ) will play an important role. As it is not possible to predict them accurately before the LHC startup,
we show here how the results depend on the assumed combined systematic uncertainty. Figure 38 (lower
part) shows how the exclusion contours deteriorate when systematic errors of1% and5% are included.
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Fig. 38: Limits on anomalous couplings after optimised cutsfrom two processespp → bb̄W andpp → bb̄W + jet (upper

plot). Dependence of the combined limits on the values of systematic uncertainties (lower plot).

Note that a systematic error of 10% at the LHC will diminish the sensitivity significantly and the allowed
regions will be comparable to those expected at the upgradedTevatron.

The rate of single top production at LHC is different from therate of single anti-top production.
This asymmetry provides an additional observable at LHC that is not available at the Tevatron and which
allows to reduce systematic uncertainties.

The potential of the hadron colliders can be compared to the potential of a next generatione+e−

linear collider (LC) where the best sensitivity could be obtained in high energyγe-collisions [208, 215].
The results of this comparison are shown in Table 15. From thetable we see that the upgraded Tevatron
will be able to perform the first direct measurements of the structure of theWtb coupling. The LHC
with 5% systematic uncertainties will improve the Tevatron limitsconsiderably, rivalling with the reach
of a high-luminosity (500 fb−1) 500 GeV LC option. The very high energy LC with 500 fb−1 luminosity
will eventually improve the LHC limits by a factor of three toeight, depending on the coupling under
consideration.
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Table 15: Uncorrelated limits on anomalous couplings from measurements at different machines.

FL2 FR2

Tevatron (∆sys. ≈ 10%) −0.18 . . . +0.55 −0.24 . . . +0.25
LHC (∆sys. ≈ 5%) −0.052 . . . +0.097 −0.12 . . . +0.13
γe (

√
se+e− = 0.5TeV) −0.1 . . . +0.1 −0.1 . . . +0.1

γe (
√
se+e− = 2.0TeV) −0.008 . . . +0.035 −0.016 . . . +0.016

7.3 FCNC in top quark physics

In the previous subsections, we analysed top quark anomalous couplings as small deviations from the
ordinary SM interactions (gtt̄ andtWb vertices). Here we consider new processes which are absent at
tree-level and highly suppressed in the SM, namely the FCNC couplingstV c andtV u (V = g, γ, Z).
The SM predicts very small rates for such processes [216] (see Table 16). The top quark plays therefore
a unique rôle compared to the other quarks, for which the expected FCNC transitions are much larger:
the observation of a top quark FCNC interaction would signalthe existence of new physics. As an
illustration, Table 16 shows predictions for the top quark decay branching ratios evaluated in the two-
Higgs doublet model [217], the SUSY models [218], and the SM extension with exotic (vector-like)
quarks [198].

Table 16: Branching ratios for FCNC top quark decays as predicted within the SM and in three SM extensions.

SM two-Higgs [217] SUSY [218] Exotic quarks [198]

B(t→qg) 5 × 10−11 ∼ 10−5 ∼ 10−3 ∼ 5 × 10−4

B(t→qγ) 5 × 10−13 ∼ 10−7 ∼ 10−5 ∼ 10−5

B(t→qZ) ∼ 10−13 ∼ 10−6 ∼ 10−4 ∼ 10−2

In the effective Lagrangian description of (38), (39) it is straightforward to calculate the top quark
decay rates as a function of the top quark FCNC couplings:

Γ(t→qg) =

(

κgtq
Λ

)2
8

3
αsm

3
t , Γ(t→qγ) =

(

κγtq
Λ

)2

2αm3
t , (41)

Γ(t→qZ)γ =
(

|vZtq|2 + |aZtq|2
)

αm3
t

1

4M2
Z sin2 2θW

(

1 − M2
Z

m2
t

)2 (

1 + 2
M2
Z

m2
t

)

, (42)

Γ(t→qZ)σ =

(

κZtq
Λ

)2

αm3
t

1

sin2 2θW

(

1 − M2
Z

m2
t

)2 (

2 +
M2
Z

m2
t

)

. (43)

For comparison, Table 17 collects the rare top decay rates normalised toκgtq = κγtq = |vZtq|2 + |aZtq|2 =

κZtq = 1, and for the SM. We assumemt = 175 GeV, Λ = 1 TeV, α = 1
128 , αs = 0.1 and sum the

decays intoq = u, c. In this ’extreme’ case with the anomalous couplings equal to one the top can decay
into a gluon or aZ boson plus a light quarkq = u, c and into the SM modebW at similar rates.

7.31 Current Constraints on FCNC in top quark physics

Present constraints on top anomalous couplings are derivedfrom low-energy data, direct searches of top
rare decays, deviations from the SM prediction fortt̄ production and searches for single top production
at LEP2.

Indirect constraints: The top anomalous couplings are constrained by the experimental upper
bounds on the induced FCNC couplings between light fermions. For example, theγµ term in theZtq
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Table 17: Top quark decay widths and corresponding branching ratios for the anomalous couplings equal to one and for the

SM. In the fourth line we gather the values of the corresponding anomalous couplings giving the same decay rates as in the SM.

Top decay mode
W+b (c+ u)g (c+ u)γ (c+ u)Zγ (c+ u)Zσ

FCNC coupling 1 1 1 1

Γ(GeV) 1.56 2.86 0.17 2.91 0.14

B 0.20 0.37 0.022 0.38 0.018

FCNC coupling 8 × 10−6 3 × 10−6 4 × 10−7

ΓSM(GeV) 1.56 8 × 10−11 8 × 10−12 2.2 × 10−13

BSM 1 5 × 10−11 5 × 10−13 1.5 × 10−13

vertex generates an effective interaction of the form [219]

Leff =
g

cos θW
aij f̄iγ

µ 1 − γ5

2
fjZµ + h.c., (44)

wherefi,j are two different light down-type quarks. The one-loop estimate of the vertex gives:

aij =
1

16π2

m2
t

v2

[

V ∗
ti(v

Z
tq + aZtq)Vqj + V ∗

qi(v
Z∗
tq + aZ∗tq )Vtj

]

ln
Λ2

m2
t

, (45)

whereVij are the CKM matrix elements. Then, using the results of [219]and the experimental constraints

from [192] onKL→µ+µ−, theKL-KS mass difference,B0 − B
0

mixing,B→ℓ+ℓ−X andb→sγ, one
obtains:

asd < 2 × 10−5, abd < 4 × 10−4, abs < 1.4 × 10−3, (46)

and, takingv = 250 GeV,mt = 175 GeV andΛ = 1 TeV:

|vZtu + aZtu| < 0.04, |vZtc + aZtc| < 0.11. (47)

vZtq − aZtq do not contribute toaij for massless external fermions. However, both chiralitiesof theZtq
vertex contribute, for instance, to the vacuum polarization tensorΠµν(q2). Thus, using the recent value
for theρ parameter,ρ = 0.9998 ± 0.0008 (+0.0014) [192], the following2σ limit is obtained:

√

|vZtq|2 + |aZtq|2 < 0.15. (48)

CDF results: The CDF collaboration has searched for the decayst→γc(u) andt→Zc(u) in the
reactionp̄p→ t̄tX at

√
s = 1.8 TeV, obtaining the following 95% CL limits [13]:

BR(t→cγ) + BR(t→uγ) < 3.2%, BR(t→cZ) + BR(t→uZ) < 33% . (49)

These translate into the bounds on the top anomalous couplings

κγtq < 0.78,
√

|vZtq|2 + |aZtq|2 < 0.73. (50)

tt̄ production via FCNC:Constraints on the vertexgtq can be derived form the study of thett̄-
pair production cross-section. Imposing that thett̄-pair production cross-section, including the possible
effect of anomalous couplings, should not differ from the observed one (assumed in this study to be
σexp
tt̄ = 6.7 ± 1.3 pb [6]) by more than 2 pb, leads to the constraint [220]:

κgtq
Λ

≤ 0.47 TeV−1. (51)
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Table 18: Short summary of the LEP 2 results fore+e− → tq̄. The theoretical valueσth is evaluated assuming the limit on

the corresponding anomalous coupling in (50).

Collab.
√
s (GeV) L(pb−1) σexp(95%CL) σth

DELPHI 183 GeV [222] 47.7 < 0.55 pb < 0.15 pb
ALEPH 189 GeV [221] 174 < 0.60 pb < 0.30 pb
DELPHI 189 GeV [223] 158 < 0.22 pb < 0.30 pb

mt

B
r(

t →
 Z

 c
) 

+
 B

r(
t →

 Z
 u

)

CDF upper limit

DELPHI  upper limit (preliminary)

Fig. 39: Upper limit on branching fraction oft→Zq resulted from LEP 2 data. Dashed curve corresponds toκγ
tq = 0, while

solid one corresponds toκγ
tq < 0.78.

FCNC at LEP 2: Since 1997, LEP2 has run at cms energies in excess of 180 GeV, making the
production of single top quark kinematically possible through the reaction:

e+ e− → γ∗(Z∗) → q̄. (52)

Two LEP experiments [221, 222, 223] have presented the results of their search for this process. A short
summary of these data is given in Table 18. The production cross section is very sensitive to the top

quark mass,σtq ∼ (1 − m2
t

s )2 (see [224] for details). Therefore, the upper limit on the corresponding
branching ratio depends from the exact value ofmt as well, as shown in Fig.39. The current constraints
on the top quark FCNC processes are summarised in Table 19. Note that the LEP2 limit is slightly
better then that given by CDF (49). These constraints shouldfurther improve once the data from the
highest-energy runs are analysed.

7.4 Search for FCNC in top quark production processes

FCNC interactions of top quarks will be probed through anomalous top decays (as discussed in Sec-
tion 8.), and through anomalous production rates or channels, as discussed in the remainder of this
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Table 19: Current constraints on top quark FCNC interactions.

t→g q BR< 17% κgtq < 0.47 (other FCNC couplings zero)
t→γ q BR< 3.2% κγtq < 0.78 (other FCNC couplings zero)

t→Z q BR< 22%
√

|vZtq|2 + |aZtq|2 < 0.55 (other FCNC couplings zero)

Table 20: Upper bounds on the anomalous couplingsκg
tu andκg

tc from single top production processes. The symbols2→1

and2→2 correspond to the reactions quark-gluon fusion, and singletop production, respectively [225, 142].

Tevatron LHC
Run 1 Run 2 Run 3√

s (TeV) 1.8 2.0 2.0 14.0
L(fb−1) 0.1 2 30 10

κgtu(2→1) 0.058 0.019 0.0092 0.0033
κgtu(2→2) 0.082 0.026 0.013 0.0061
κgtc(2→1) 0.22 0.062 0.030 0.0084
κgtc(2→2) 0.31 0.092 0.046 0.013

section.

7.41 Deviations from SM expectations fortt̄ production

As shown in the previous subsection, the FCNCtgq-vertex contributes togg→tt̄ transitions, and to a
possible enhancement of the top quark production at largeEt andMtt̄. A recent study [220] shows that
at the LHC the sensitivity to these couplings is equivalent to that found with the data of Run 1 at the
Tevatron:

(

κgtq
Λ

)

LHC

≃
(

κgtq
Λ

)

FNAL

≃ 0.5 TeV−1. (53)

7.42 ‘Direct’ top quark production (2→1)

The ‘quark–gluon’ fusion process [225]g + u(c)→t is characterised by the largest cross-section for top
quark production through FCNC-interactions assuming equal anomalous couplings. At the LHC, using

the CTEQ2L structure functions [115], these cross sectionsfor
κg

tq

Λ = 1 TeV−1 are equal to:

σ(ug→t) ≃ 4 × 104 pb , σ(ūg→t) ≃ 1 × 104 pb , σ(cg→t) ≃ 6 × 103 pb. (54)

Note thatσ(ug→t) is about 50 times larger than the SMtt̄ cross section. The major source of background
to this is theW+ jet production. The additional background due to single topproduction, when the
associated jets are not observed, should not exceed 20% of the total background and was therefore
ignored. To reproduce the experimental conditions, a Gaussian smearing of the energy of the final leptons
and quarks was applied (see [225] for details). Cuts on the transverse momentum (pT > 25 GeV),
pseudo-rapidity (|ηj | < 2.0, |ηℓ| < 3.0), and lepton-jet separation (∆R ≥ 0.4) were applied. Ab-
tagging efficiency of 60% and a mistagging probability of 1% were assumed.

The criterionS/
√
S +B ≥ 3 was used to determine the minimum values of anomalous couplings.

The couplingstgu andtgc have been considered separately. The resulting constraints onκgtu andκgtc are
given in Table 20, which also contains the results of an analysis done for the Tevatron.
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cq̄ → tq̄
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qq̄ → tc̄
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cg → tg

t

gg → tc̄

Fig. 40: 2→2 single top quark production.

c

c

g t

Z(γ)

t

c

g t

Z(γ)

Fig. 41: s-channel diagrams fortV (V = Z, γ) production

7.43 Single top quark production (2→2)

Single top quark production in2→2 processes has been studied as well [142]. There are four different
subprocesses, which lead to one top quark in the final state together with one associated jet (see Fig. 40
and [142] for detailed considerations):

qq̄→tq̄, gg→tq̄, qq→tq, qg→tg (55)

The major background comes fromW + 2 jets andW + bb̄ production, as well as from single top
production. In addition to the cuts and tagging rates used inthe above analysis of ’direct’ top production,
additional cuts on the reconstructed top mass (145 GeV< MbW < 205 GeV), onpT b > 35 GeV,
and on jet-jet and lepton-jet separation (∆Rjj > 1.5, ∆Rlj > 1.0) were applied here to improve
the signal/background separation. The corresponding limits on anomalous couplings in the top-gluon
interaction withc or u quarks are given in Table 20.

7.44 tZ andtγ production

All the anomalous couplings may contribute to the processesq g→t Z(γ), and were considered in [226,
227]. The left diagram in Fig. 41 corresponds to theZ(γ)tq coupling, while the right one shows the top-
gluon anomalous coupling (the correspondingt-channel diagrams are not shown). For all the calculations
presented here, the MRSA PDF set [228] withQ2 = ŝ was used. The resulting total cross sections for

κγtq =
√

|vZtq|2 + |aZtq|2 = 1 are [227]:

σ(u g→γ t) = 73pb, σ(c g→γ t) = 10pb,
σ(u g→Z t) = 746 pb, σ(c g→Z t) = 114 pb.

Different background sources (W+ jets,Z+ jets,ZW+ jets,Wbb̄+ jets,tt̄, andWt production) were
considered. The experimental conditions were simulated bya Gaussian smearing of the lepton, photon
and jet energies (see [227] for details). Cuts on the transverse momenta,pT (ℓ, j, γ) > (15, 20, 40) GeV,
on pseudo-rapidities,|ηj,ℓ,γ| < 2.5, and on lepton-jet-photon separation (∆R ≥ 0.4) were applied. Ab-
tagging efficiency of 60% and a mistagging probability of 1% were assumed. It was found thatb-tagging
plays an essential role in tracing the top quark and reducingbackgrounds.

It has been shown that the best limits on the top quark FCNC couplings can be obtained from the
decay channelsZt→ℓ+ℓ− ℓνb andγt→γ ℓνb (see [226] and [227] for details). Upper bounds at 95%
CL are derived using the FC statistics [200]. Table 21 collects the corresponding limits on eight top
anomalous couplings. Like in previous cases the bounds onu andc couplings were obtained under the
assumption that only one anomalous coupling at a time is non-zero. The analysis was done for both
Tevatron and LHC but with different optimized cuts.
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Table 21: Upper bounds on top anomalous couplings (see (38,39)) fromZt andγt production. We have corrected for the

different normalizations used in [226, 227].

Tevatron LHC
Run 1 Run 2√

s (TeV) 1.8 2.0 14.0 14.0
L (fb−1) 0.1 2 10 100

κgtu 0.31 0.057 0.0097 0.0052
κgtc – – 0.020 0.011
κγtu 0.86 0.18 0.013 0.0060
κγtc – – 0.037 0.018
√

|vZtu|2 + |aZtu|2 0.49 0.13 0.016 0.0078
√

|vZtc|2 + |aZtc|2 – – 0.032 0.016
κZtu 1.71 0.43 0.040 0.018
κZtc – – 0.097 0.046

q

q t

t

g + γ + Z

Fig. 42: Diagram describing like-sign top quark pair production

7.45 Like-signtt (t̄ t̄) pair production

Additional evidence for a FCNCgtq coupling can be sought through the production of like-sign top pairs
(see Fig. 42).

p p→ t tX, p p→ t̄ t̄ X (56)

The ATLAS collaboration performed a detailed investigation of this reaction for the case of high lumi-
nosity,Lint = 100 fb−1 (see [30] and [220] for details). All the three anomalous couplings contribute to
this process and the kinematics of thett-pair is almost the same as for the conventionaltt̄-pair production.

An experimentally clean signature oftt (t̄t̄) production is the production of like-sign highpT
leptons plus two hardb-jets. The main sources of background areqq̄′→tt̄W andqq→W±q′W±q′. The
expected cross sections for the signal (withκgtq = κγtq = |vZtc|2 + |aZtc|2 = 1) and background processes
are equal to:

σ(tt) = 1920 pb, σ(t̄t̄) = 64 pb,
σ(W+tt̄) = 0.5 pb, σ(W−tt̄) = 0.24 pb,
σ(W+W+qq) = 0.5 pb, σ(W−W−qq) = 0.23 pb.

CTEQ2L structure functions [115] were used with the evolution parameterQ2 = m2
t for the signal

andQ2 = m2
W for the background calculations. PYTHIA 5.7 [52] was used for the fragmentation and

all events were passed through the ATLFAST detector simulation. An additional reducible like-sign
di-lepton background is due tott̄ events with ab semi-leptonic decay. The initial selection required
therefore two like-signisolatedleptons withpT > 15 GeV and|η| < 2.5 as well as at least two jets with
pT > 20 GeV and|η| < 2.5. In order to get a better signal/background separation jetswith pT > 40 GeV
(with at least one tagged as ab-jet) were required (see [30, 220] for other cuts). The potential reach of
this study, using theS/

√
S +B ≥ 3 criterion, is given in Table 22.
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Table 22: The limits on anomalous couplings from an improvedATLAS analysis [30, 220] of like-sign top-pair production at

the LHC for the case of high luminosity,Lint = 100 fb−1. The contribution from theσµν term in theZtq vertex is ignored.

κgtu κgtc κγtu κγtc

√

|vZtu|2 + |aZtu|2
√

|vZtc|2 + |aZtc|2
0.078 0.25 0.14 0.32 0.27 0.85

Table 23: Summary of the LHC sensitivity to the top quark anomalous couplingsκg
tq, κ

γ
tq and

√

|vZ
tu|2 + |aZ

tu|2. The resulting

constraints are presented in terms of ‘branching ratio’,Γ(t→qV )/ΓSM (= 1.56 GeV). The results for the Tevatron option are

also given (see text for explanation).2→1, 2→2, tV , andt t stand for quark-gluon fusion, single top production,t + γ(Z)

production, and like-sign top-pair final states, respectively. The ‘decay’, ‘ATLAS’, and ‘CMS’ labels denote the results obtained

from the study of top decay channels, documented in Section 8.

Tevatron LHC√
s(TeV) 1.8 2 2 14 14

L(fb−1) 0.1 2 30 10 100

tug 3.1 × 10−3 3.3 × 10−4 7.8 × 10−5 1.0 × 10−5 3.2 × 10−6 2→1 [225]
6.2 × 10−3 6.2 × 10−4 1.5 × 10−4 3.4 × 10−5 1.1 × 10−5 2→2 [142]
1.8 × 10−1 6.0 × 10−3 – 1.7 × 10−4 5.0 × 10−5 tV [226, 227]

– 1.9 × 10−2 2.7 × 10−3 – – decay [229]
– – – 1.5 × 10−2 5.6 × 10−3 t t [220, 30]

tcg 4.4 × 10−2 3.5 × 10−3 8.3 × 10−4 6.5 × 10−5 2.1 × 10−5 2→1 [225]
8.8 × 10−2 7.8 × 10−3 2.0 × 10−3 1.6 × 10−4 4.9 × 10−5 2→2 [142]

– – – 7.3 × 10−4 2.2 × 10−4 tV [226, 227]
– 1.9 × 10−2 2.7 × 10−3 – – decay [229]
– – – 1.6 × 10−1 5.7 × 10−2 t t [220, 30]

tuγ 7.9 × 10−2 3.5 × 10−3 – 1.8 × 10−5 3.9 × 10−6 tV [226, 227]
– – – 3.0 × 10−3 1.1 × 10−3 t t [220, 30]
– – – 1.9 × 10−4 4.8 × 10−5 ATLAS [30]
– – – 8.6 × 10−5 4.0 × 10−5 CMS [230]

tcγ – – – 1.5 × 10−4 3.5 × 10−5 tV [226, 227]
– – – 1.7 × 10−2 5.5 × 10−3 t t [220, 30]
– – – 1.9 × 10−4 4.8 × 10−5 ATLAS [30]
– – – 8.6 × 10−5 4.0 × 10−5 CMS [230]

tuZ 4.5 × 10−1 3.2 × 10−2 – 4.8 × 10−4 1.1 × 10−4 tV [226, 227]
– 1.1 × 10−2 5.2 × 10−3 5.8 × 10−4 1.9 × 10−4 decay [219]
– – – 1.9 × 10−1 6.8 × 10−2 t t [220, 30]
– – – 6.5 × 10−4 1.0 × 10−4 ATLAS [30]
– – – 1.4 × 10−3 1.4 × 10−4 CMS [230]

tcZ – – – 1.9 × 10−3 4.8 × 10−4 tV [226, 227]
– 1.1 × 10−2 5.2 × 10−3 5.8 × 10−4 1.9 × 10−4 decay [219]
– – – 1.9 6.7 × 10−1 t t [220, 30]
– – – 6.5 × 10−4 1.0 × 10−4 ATLAS [30]
– – – 1.4 × 10−3 1.4 × 10−4 CMS [230]
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7.5 Conclusion on tqV anomalous couplings

Table 23 presents a short summary of LHC sensitivities to anomalous FCNC couplings of the top quark.
For comparison, we present also the estimates of the corresponding sensitivities at Tevatron. For com-
pleteness we anticipate and include here the results from rare decays discussed in the next section (see
also [219, 229]). To unify the description of the LHC potential to detect top anomalous couplings from
production and decay processes, all results in Table 23 are expressed in terms of limits on top decay
branching ratios:Γ(t→qV )/ΓSM (= 1.56 GeV). The results were obtained usingmt = 175 GeV,
αs = 0.1, andα = 1/128. When needed the limits quoted in the table have been rescaled to the different
luminosities and to theS/

√
S +B ≥ 3 criterion by using a simple linear extrapolation of the available

bounds (see [30, 230] and Section 8.). The limits on the top anomalous couplings fromtV production
in Table 21 were obtained using the FC prescription [200] andhave been multiplied by a factor of

√
2,

which roughly relates this prescription with the statistical criterion adopted in Table 23 [226, 227].

At present, only few cases (like-sign top-pair production,t→qZ andt→qγ decays, see [30, 230])
were investigated with a more or less realistic detector simulation (ATLFAST and CMSJET). Other in-
vestigations were done at the parton level (the final quarks were considered as jets and a simple smearing
of lepton, jet and photon energies was applied). Of course, more detailed investigations with a more
realistic simulation of the detector response may change these results.

The most promising way to measure the anomalous FCNC top-gluon coupling seems to be the
investigation of single top production processes, as the search fort→gq decays would be overwhelmed
by background from QCD multi-jet events. At the same time, both top quark production and decay would
provide comparable limits on top quark anomalous FCNC interactions with a photon or aZ-boson. In
general, the studies shown above indicate that the LHC will improve by a factor of at least 10 the Tevatron
sensitivity to top quark FCNC couplings. Of course, the results presented here are not complete, since
other new kinds of interactions may lead to the appearance ofunusual properties of the top quark. For
example, recently proposed theories with large extra-dimensions predict a significant modification oftt̄
pair production (see, for example, [231] and references therein). It was found that the exchange of spin-2
Kaluza-Klein gravitons leads to a modification of the totaltt̄ production rate as well as to a noticeable
deviation in thepT andMtt̄ distributions with respect to the SM predictions. Naturally, we may expect
also the modifications of spin-spin correlations due to graviton exchange.

It has to be stressed that different types of new interactions may affect the same observable quan-
tity. Only a careful investigation of different aspects of top quark physics may provide a partial separation
of these interactions.

8. RARE DECAYS OF THE TOP QUARK23

The production of107 − 108 top quark pairs per year at LHC will allow to probe the top couplings to
both known and new particles involved in possible top decay channels different from the maint→bW .
Thanks to the large top mass, there are several decays that can be considered, even involving the presence
of on-shell heavy vector bosons or heavy new particles in thefinal states. On a purely statistical basis,
one should be able to detect a particular decay channel whenever its branching ratio (BR) is larger than
about10−6 − 10−7. In practice, we will see that background problems and systematics will lower this
potential by a few orders of magnitude, the precise reduction being dependent of course on the particular
signature considered. We will see, that the final detection threshold for each channel will not allow the
study of many possible final states predicted in the SM, unless new stronger couplings come into play.

8.1 Standard Model top decays

In this section, we give an overview of the decay channels of the top quark in the framework of the SM.
In the SM the decayt→bW is by far the dominant one. The corresponding width has been discussed in

23Section coordinators: B. Mele, J. Dodd (ATLAS), N. Stepanov(CMS).
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Section 2.1. The rates for other decay channels are predicted to be smaller by several orders of magnitude
in the SM. The second most likely decays are the Cabibbo-Kobajashi-Maskawa (CKM) non-diagonal
decayst→sWandt→dW . Assuming|Vts| ≃ 0.04 and|Vtd| ≃ 0.01, respectively [192], one gets

BR(t→sW ) ∼ 1.6 × 10−3 and BR(t→dW ) ∼ 1 × 10−4 (57)

in the SM with three families. From now on, for a generic decaychannelX, we define

BR(t→X) =
Γ(t→X)

Γ(t→bW )SM
. (58)

The two-body tree-level decay channels are the only ones that the LHC could detect in the framework of
the SM. With the exception of higher-order QED and QCD radiative decays, the next less rare processes
have rates no larger than10−6.

t W
bZ (H)

t W
b Z (H)

t W
b Z (H)

Fig. 43: Feynman graphs for the decayt→bWZ (t→bWH).

At tree level, the decayt→bWZ (Fig. 43) has some peculiar features, since the process occurs
near the kinematical threshold (mt ∼ MW + MZ +mb) [232, 233, 234, 235]. This fact makes theW
andZ finite-width effects crucial in the theoretical predictionof the corresponding width [233]. Because
theW andZ are unstable and not observed directly, more than one definition of thet→bWZ branching
ratio is possible. If defined according to

Γ̃(t→bWZ) ≡ Γ(t→bµνµνeν̄e)

BR(W→µνµ)BR(Z→νeν̄e)
, (59)

including a consistent treatment ofW andZ width effects, the branching ratio is to a very good approx-
imation given by the double resonant set of diagrams (shown in Fig. 43), since the background to the
neutrino decay of theZ is negligible. One obtains [235], formt = 175 GeV,

BR(t→bWZ) = BRres(t→bWZ) = 2.1 × 10−6. (60)

However, the signaturebµνµνeν̄e is not practical from an experimental point of view. In [233], a first
estimate ofBR(t→bWZ) was given on the basis of the definition

Γ(t→bWZ) ≡ Γ(t→bµνµe
+e−)

BR(W→µνµ)BR(Z→e+e−)
, (61)
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which involves experimentally well-observable decays, but includes contributions to the numerator from
t→bWγ decays (withγ→e+e−) and other “background” diagrams. The estimate for the corresponding
branching ratio is

BRcut(t→bWZ) ≃ 6 × 10−7, (62)

for mt = 175 GeV, assuming a minimum cut of0.8MZ on thee+e−-pair invariant mass. This cut tries
to cope with the contribution of background graphs where thee+e− pair comes not from aZ boson but
from a photon.

If the Higgs boson is light enough, one could also have the decay t→bWH (Fig. 43), although the
present limits onmH strongly suppress its rate. FormH ∼> 100 GeV, one gets [233]:

BR(t→bWH) ∼< 7 × 10−8. (63)

Finally, the decayt→cWW is very much suppressed by a GIM factor
m2

b

M2
W

in the amplitude. One then

gets [234]:
BR(t→cWW ) ∼ 10−13. (64)

One can also consider the radiative three-body decayst→bWg and t→bWγ. These channels suffer
from infrared divergences and the evaluation of their rate requires a full detector simulation, including
for instance the effects of the detector resolution and the jet isolation algorithm. In an idealised situation
where the rate is computed in thet rest frame with a minimum cut of 10 GeV on the gluon or photon
energies, one finds [236]:

BR(t→bWg) ≃ 0.3 , BR(t→bWγ) ≃ 3.5 × 10−3. (65)

The FCNC decayst→cg, t→cγ andt→cZ occur at one loop, and are also GIM suppressed by a

factor
m2

b

M2
W

in the amplitude. Hence, the corresponding rates are very small [249]:

BR(t→cg) ≃ 5 × 10−11 , BR(t→cγ) ≃ 5 × 10−13 , BR(t→cZ) ≃ 1.3 × 10−13 (66)

For a light Higgs boson, one can consider also the FCNC decayt→cH . A previous evaluation of its
rates [249] has now been corrected. FormH ≃ 100 (160) GeV, one gets [237]:

BR(t→cH) ≃ 0.9 × 10−13 (4 × 10−15). (67)

To conclude the discussion of rare SM decays of the top quark,we point out here the existence
of some studies onsemi-exclusivet-quark decays where the interaction of quarks among thet decay
products may lead to final states with one hadron (meson) recoiling against a jet. In [238] decays with
anΥ meson in the final state and decays of the top through an off-shell W with virtual massMW ∗ near
to some resonanceM , like π+, ρ+, K+, D+

s , were considered. An estimate for the latter case is

Γ(t→bM) ≈ G2
F m

3
t

144π
f2
M |Vqq′ |2. (68)

The typical values of the corresponding branching ratios are too small to be measured:

BR(t→bπ) ∼ 4 · 10−8 , BR(t→bDs) ∼ 2 · 10−7. (69)

In Table 24 we summarize the expected decay rates for the maintop decay channels in the SM.

8.2 Beyond the Standard Model decays

The fact that a measurement of the top width is not available and that the branching ratioBR(t→bW )
is a model dependent quantity makes the present experimental constraints on the top decays beyond the
SM quite weak. Hence, the possibility oft decays into new massive states with branching fraction of
orderBR(t→bW ) is not excluded. Apart from the production of new final stateswith large branching
fractions, we will see that new physics could also give rise to a considerable increase in the rates of many
decay channels that in the SM framework are below the threshold of observability at the LHC.
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Table 24: Branching ratios for the main SM top decay channels.

channel BRSM channel BRSM

bW 1 sW 1.6 · 10−3

dW ∼ 10−4 bWg 0.3 (Eg > 10 GeV)

bWγ 3.5 · 10−3 (Eγ > 10 GeV) bWZ 2 · 10−6

cW+W− ∼ 10−13 bW+H < 10−7

qg 5 · 10−11 qγ 5 · 10−13

qZ 1.3 · 10−13 cH < 10−13

8.21 4th fermion family

Extending the SM with a4th fermion family can alter considerably a fewt decay channels. First of
all, when adding a4th family to the CKM matrix the present constraints on the|Vtq| elements are con-
siderably relaxed. In particular,|Vts| and |Vtd| can grow up to about 0.5 and 0.1, respectively [192].
Correspondingly, assuming|Vtb| ∼ 1 for the sake of normalisation, one can have up to :

BR4(t→sW ) ∼ 0.25 and BR4(t→dW ) ∼ 0.01, (70)

to be confronted with the SM expectations in (57).

The presence of a4th fermion family could also show up in thet direct decay into a heavyb′

quark with a relatively small mass (mb′ ∼ 100 GeV) [239]. This channel would contribute to the
t→cWW decay, with a rate:

BR(t→W+b′(→W−c)) ∼ 10−3 (10−7) at mb′ = 100 (300) GeV, (71)

to be confronted with the SM prediction in (64).

8.22 Two Higgs Doublet models (2HDM’s)

The possibility that the EW symmetry breaking involves morethan one Higgs doublet is well motivated
theoretically. In particular, three classes of two Higgs doublet models have been examined in connection
with rare top decays, called model I, II and III. The first two are characterised by anad hocdiscrete
symmetry which forbids tree-level FCNC [240], that are strongly constrained in the lightest quark sector.
In model I and model II, the up-type quarks and down-type quarks couple to the same scalar doublet
and to two different doublets, respectively (the Higgs sector of the MSSM is an example of model II).
In model III [241, 242], the above discrete symmetry is dropped and tree-level FCNC are allowed. In
particular, a tree-level couplingtcH is predicted with a coupling constant∼<

√
mtmc/v (wherev is the

Higgs vacuum expectation value).

Since enlarging the Higgs sector automatically implies thepresence of charged Higgs bosons in
the spectrum, one major prediction of these new frameworks is the decayt→bH+, possibly with rates
competitive withBR(t→bW ) for mH+ ∼< 170 GeV. In the MSSM, one expectsBR(t→bH+) ∼ 1, both
at small and large values oftan β. The interaction Lagrangian describing theH+t b̄-vertex in the MSSM
is [243]:

LHtb =
g√

2MW

H+ [t̄ (mt cot β PL +mb tan β PR) b+ ν̄ (mℓ tan β PR) ℓ] + h.c. , (72)

wherePL,R = 1/2(1 ∓ γ5) are the chiral projector operators.

At tree level the corresponding decay widths oft→bH+,H+→τν, andH+→tb̄ (or, analogously,
of H+→cs̄) are equal to [243]

Γ(t→bH+) =
g2

64πM2
Wmt

|Vtb|2λ1/2

(

1,
m2
b

m2
t

,
m2
H

m2
t

)

×
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[

(m2
t +m2

b −m2
H)(m2

t cot2 β +m2
b tan2 β) + 4m2

tm
2
b

]

, (73)

Γ(H+→τ+ν) =
g2mH

32πM2
W

m2
τ tan2 β, (74)

Γ(H+→tb̄) =
3g2

32πM2
WmH

|Vtb|2λ1/2

(

1,
m2
b

m2
H

,
m2
t

m2
H

)

×
[

(m2
H −m2

t −m2
b)(m

2
t cot2 β +m2

b tan2 β) − 4m2
tm

2
b

]

, (75)

whereλ(a, b, c) = a2 + b2 + c2 − 2(ab+ ac+ bc), andmH ≡ mH+ .

Consequently, ifmH < mt − mb, one expectsH+→τ+ν (favoured for largetan β) and/or
H+→cs̄ (favoured for smalltan β) to be the dominant decays. Hence, fortan β > 1 andH+→τ+ν
dominant, one can look for the channelt→bH+ by studying a possible excess in theτ lepton signature
from thet pair production [244]. On the other hand, iftan β < 2 andmH > 130 GeV, the large mass
(or coupling) of thet-quark causesBR(H+→t∗b̄→W+bb̄) to exceedBR(H+→cs̄) (Fig. 44, see [245]
for details).
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Fig. 44: Branching fractions for threeH+ decay modes for two values ofmH+ vs. tan β.

As a consequence, new interesting signatures at LHC such as leptons plus multi-jet channels with
four b-tags, coming from the gluon-gluon fusion processgg→tb̄H−, followed by theH−→t̄b decay,
have been studied [246]. These processes could provide a viable signature over a limited but interesting
range of the parameter space.

One should recall however that bothBR(t→bH+) andBR(H+→W+bb̄) are very sensitive to
higher-order corrections, which are highly model dependent [247].

In model III, the tree-level FCNC decayt→ch can occur with branching ratios up to 10−2 [242].
In [248], the rate for the channelt→ch→cWW (cZZ) has been studied. Accordingly,BR(t→cWW )
can be enhanced by several orders of magnitude with respect to its SM value. In particular, for an on-
shell decay with2MW ∼< mh ∼< mt, one can have up toBR(t→cWW ) ∼ 10−4 from this source. The
same process was considered in a wider range of models, wherethe decayt→cWW can occur not only
through a scalar exchange but also through a fermion or vector exchange [239]. In this framework, the
fermion exchange too could lead to detectable rates fort→cWW , as in (71).
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In 2HDM’s, the prediction for the FCNC decayst→cg, t→cγ and t→cZ can also be altered.
While in models I and II the corresponding branching fractions cannot approach the detectability thresh-
old [249], in model III predicts values up toBR(t→cg) ≃ 10−5, BR(t→cγ) ≃ 10−7 andBR(t→cZ) ≃
10−6 [217].

By further extending the 2HDM’s Higgs sector and including Higgs triplets, one can give rise to a
vertexHWZ at tree level in a consistent way [250]. Accordingly, thet→bWZ decay can be mediated
by a charged Higgs (coupled withmt) that can enhance the corresponding branching fraction up to
BR(t→bWZ) ∼ 10−2. Large enhancements can also be expected in similar models for the channels
t→sWZ andt→dWZ.

8.23 Minimal Supersymmetric Standard Model (MSSM)

Supersymmetry could affect thet decays in different ways. (Here, we assume the MSSM frame-
work [26], with (or without, when specified)R parity conservation.)

First of all, two-body decays into squarks and gauginos, such ast→t̃1g̃, t→b̃1χ̃
+
1 , t→t̃1χ̃

0
1, could

have branching ratios of orderBR(t→bW ), if allowed by the phase space (see, i.e. [251] for references).
QCD corrections to the channelt→t̃1g̃ have been computed in [252] and were found to increase its width
up to values even larger thanΓ(t→bW ). Three-bodyt decays in supersymmetric particles were surveyed
in [251].

The presence of light top and bottom squarks, charginos and neutralinos in the MSSM spectrum
could also give rise to a CP asymmetry of the order10−3 in the partial widths for the decayst→bW+

andt̄→b̄W− [140, 253].

Explicit R-parity violating interactions [254] could provide new flavour-changingt decays, both
at tree-level (as in the channelst→τ̃ b andt→τbχ̃0

1 [255]) and at one loop (as int→cν̃ [256]), with
observable rates. For instance,BR(t→cν̃) ∼ 10−4 − 10−3 in particularly favourable cases.

Another sector where supersymmetric particles could produce crucial changes concerns the one-
loop FCNC decayst→cg, t→cγ, t→cZ andt→cH , which in the SM are unobservably small. In the
MSSM with universal soft breaking the situation is not much affected, while, by relaxing the universality
with a large flavour mixing between the 2nd and 3rd family only, one can reach values such as [257, 258]:

BRMSSM(t→cg) ∼ 10−6 , BRMSSM(t→cγ) ∼ 10−8 , BRMSSM(t→cZ) ∼ 10−8, (76)

which, however, are still not observable. The introductionof baryon number violating couplings in
brokenR-parity models could on the other hand give large enhancements [218], and make some of these
channels observable:

BRR/(t→cg) ∼ 10−3 , BRR/(t→cγ) ∼ 10−5 , BRR/(t→cZ) ∼ 10−4. (77)

A particularly promising channel is the FCNC decayt→ch in the framework of MSSM, where
h = h0,H0, A0 is any of the supersymmetric neutral Higgs bosons [259]. By including the leading
MSSM contributions to these decays (including gluino-mediated FCNC couplings), one could approach
the detectability threshold, especially in the case of the light CP-even Higgs boson, for which one can
get up to:

BRMSSM(t→ch0) ∼ 10−4. (78)

8.24 Anomalous couplings

In the framework of the top anomalous couplings described inSection 7., one can predict large enhance-
ments in different FCNC top decay channels. While thet→cg, t→cγ, andt→cZ processes are analysed
in section 7., here we concentrate on the possible FCNC contributions to the top decays into two gauge
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bosons,t→qV V , whereV is either aW or aZ andq = c, u:

t→qW+Z , t→qW+W− , t→qZZ. (79)

In the SM, the first two decays occur at tree level, whilet→qZZ proceeds only through loop contribu-
tions. We will see that within the present experimental limits on the top anomalous couplings, the rates
for these processes can be large with respect to the SM prediction, but are still below the detectability
threshold at the LHC.

The FCNC contribution to the first channel in (79), for the anomalous couplingκz ≈ 0.3, has a
rate of the the same order of magnitude as the SMBR(t→bWZ) [260]:

BRFCNC(t→cWZ) ∼ 10−6 ≈ BRSM(t→bWZ). (80)

Top anomalous FCNC interactions with both a photon and aZ-boson contribute to the second
process in eq.(79). Contrary to the SM case this amplitude has no GIM suppression. As a result, the
corresponding branching ratio can have almost the same value as that of thet→qWZ decay [260]:

BRFCNC(t→cW+W−) ∼ 10−7 ≫ BRSM(t→cWW ). (81)

For thet→qZZ decay mode, a couplingκz ∼ 0.3 gives a branching ratio much greater than the
corresponding SM one (∼< 10−13 [260]):

BRFCNC(t→qZZ) ∼ 10−8 ≫ BRSM(t→qZZ), (82)

but still too small to be detected at LHC.

In summary, the observation of any of these decays at LHC would indicate new physics not con-
nected with the top FCNC interactions (see, for example, [248]).

8.3 ATLAS studies of (rare) top quark decays and couplings

In ATLAS various analyses have been performed on top decays,using the PYTHIA Monte-Carlo inter-
faced to a fast detector simulation (ATLFAST). In the following, the most relevant results are reported.

8.31 BR(t→ bX) and measurement of|Vtb|
The SM predictionBR(t→ W+b) ≈ 1 can be checked by comparing the number of observed (1 or 2)
b-tags in att̄ sample. The firstb-tag is used to identify the event as att̄ event, and the secondb-tag (if
seen) is used to determine the fraction of top decays producing ab quark. Within the three-generation
SM, and assuming unitarity of the CKM matrix, the ratio of double b-tag to singleb-tag events is given
by:

R2b/1b = BR(t→Wb)/BR(t→Wq) = |Vtb|2/(|Vtb|2 + |Vts|2 + |Vtd|2) = |Vtb|2 (83)

The CDF collaboration has used the tagging method in leptonic tt̄ events to obtain the result
R2b/1b = 0.99 ± 0.29 [261], which translates to a limit of|Vtb| > 0.76 at the 95% CL assuming three-
generation unitarity. If this constraint is relaxed, a lower bound of |Vtb| > 0.048 at the 95% CL is
obtained, implying only that|Vtb| is much larger than either|Vts| or |Vtd|.

The LHC will yield a much more precise measurement ofR2b/1b. For example,tt̄ events in the
single lepton plus jets mode can be selected by requiring an isolated electron or muon withpT > 20
GeV, Emiss

T > 20 GeV, and at least four jets withpT > 20 GeV. Requiring that at least one of the
jets be tagged as ab-jet produces a clean sample oftt̄ events, withS/B = 18.6, with the remaining
background coming mostly fromW+jet events [30]. Assuming ab-tagging efficiency of 60%, a sample
of 820 000 singleb-tagged events would be selected for an integrated luminosity of 10 fb−1. Of these,
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276 000 would be expected to have a secondb-tag, assuming the SM top quark branching ratios. This
ATLAS study indicates that the statistical precision achievable would correspond to a relative error of
δR2b/1b/R2b/1b (stat.) = 0.2% for an integrated luminosity of 10 fb−1. The final uncertainty will be
dominated by systematic errors due to the uncertainty in theb-tagging efficiency and fakeb-tag rates, as
well as correlations affecting the efficiency forb-tagging two different jets in the same event. Further
study is needed to estimate the size of these systematic uncertainties.

8.32 BR(t→WX)

The measurement of the ratio of di-lepton to single lepton events in att̄ sample can be used to determine
BR(t→WX). In this case, the first lepton tags thett̄ event, and the presence of a second lepton is used
to determine the fraction of top quark decays producing an isolated lepton, which can be then be related
to the presence of aW (or other leptonically decaying states) in the decay. The SMpredicts thatR2l/1l =
BR(W → ℓν) ≈ 2/9 whereℓ = (e, µ). Deviations from this prediction could be caused by new physics,
for example, the existence of a charged Higgs boson. The dominantH+ decays in such instances are
usually considered to beH+→ τν or H+→ cs̄. In either case, the number of isolated electrons and
muons produced in top decay would be reduced, andR2l/1l would be less than the SM prediction.

A study performed by ATLAS [30] shows that with an integratedluminosity of 10 fb−1, a clean
sample of about 443 000tt̄ events in the single lepton plus jets mode could be selected by requiring an
isolated electron or muon withpT > 20 GeV,Emiss

T > 20 GeV, and at least twob-tagged jets withpT
> 20 GeV. To determineR2l/1l, one then measures how many of these events have a second isolated
electron or muon, again withpT > 20 GeV, and of the opposite sign to the first lepton. Assuming the
SM, one would expect a selected sample of about 46 000 di-lepton events with these cuts. Given these
numbers, the statistical precision achievable would correspond to a relative error ofδR2l/1l/R2l/1l (stat.)
= 0.5% for an integrated luminosity of 10 fb−1. Further study is required to estimate the systematic
uncertainty onR2l/1l due to the lepton identification and fake rates.

8.33 Radiative Decays:t→WbZ, t→WbH

The ‘radiative’ top decayt→WbZ has been suggested [233] as a sensitive probe of the top quarkmass,
since the measured value ofmt is close to the threshold for this decay. For the top mass of (173± 5.2)
GeV [192], the SM prediction, based on theZ→ee signature and a cutmee > 0.8MZ (see Section 8.1),
is BRcut(t→ WbZ) = (5.4+4.7

−2.0) × 10−7 [233]. Thus, within the current uncertaintyδmt ≈ 5 GeV, the
predicted branching ratio varies by approximately a factorof three. A measurement ofBR(t→ WbZ)
could therefore provide a strong constraint on the value ofmt. Similar arguments have been made for
the decayt→WbH, assuming a relatively light SM Higgs boson.

ATLAS has studied the experimental sensitivity to the decayt→ WbZ [30, 262], with theZ
being reconstructed via the leptonic decayZ→ll (ℓ = e, µ), and theW through the hadronic decay
W→ jj. The efficiency for exclusively reconstructingt→WbZ is very low, due to the softpT spectrum
of the b-jet in the t→ WbZ decay. Instead, a semi-inclusive technique was used, wherea WZ pair
close to threshold was searched for as evidence of thet→ WbZ decay. Since thet→ WbZ decay is
so close to threshold, the resolution onmWZ is not significantly degraded with respect to the exclusive
measurement. The selection ofZ→ ll candidates required an opposite-sign, same-flavor lepton pair,
each lepton havingpT > 30 GeV and|η| < 2.5. The cleanZ→ ll signal allows a wide di-lepton mass
window to be taken (60 GeV< mℓℓ < 100 GeV) in order to have very high efficiency. Candidates for
W→ jj decay were formed by requiring at least two jets, each havingpT > 30 GeV and|η| < 2.5, and
satisfying 70 GeV< mjj < 90 GeV. Thelljj invariant mass resolution wasσ[mWZ ] = 7.2± 0.4 GeV,
and the signal efficiency was 4.3%.

The dominant backgrounds come from processes with aZ boson in the final state, primarily
Z+jet production, and to a much lesser extent fromWZ and tt̄ production. In order to reduce the
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Z+jet background, an additional cut requiring a third leptonwith pT > 30 GeV was made. For the
signal processtt̄ → (WbZ)(Wb), this cut selects events in which theW from the other top decays
leptonically. After this selection, and with a cut onmWZ of ±10 GeV around the top mass, the total
expected background was reduced to≈ 1.5 events (mostly fromWZ production) per 10 fb−1. Requiring
at least five events for signal observation leads to a branching ratio sensitivity of order 10−3. Since the
background has been reduced essentially to zero, the sensitivity should improve approximately linearly
with integrated luminosity. However, even with a factor of ten improvement for an integrated luminosity
of 100 fb−1, the sensitivity would still lie far above the SM expectation of order 10−7 − 10−6.

Given this result, observation of the decayt→ WbH does not look possible. The current LEP
limit on mH implies that the Higgs is sufficiently heavy that, in the mostoptimistic scenario that the
Higgs mass is just above the current limit,BR(t→WbH) ∼< BR(t→WbZ). AsmH increases further,
BR(t→ WbH) drops quickly. AssumingmH ≈ mZ , one would have to search fort→ WbH using
the dominant decayH→ bb̄. The final state suffers much more from background than in thecase of
t→WbZ, where the cleanZ → ℓ+ℓ− signature is a key element in suppressing background. Although
BR(H→ bb̄) in thismH range is much larger than BR(Z → ℓ+ℓ− ), the large increase in background
will more than compensate for the increased signal acceptance, and so one expects the sensitivity to
BR(t→WbH) to be worse than forBR(t→WbZ). The decayt→WbH has therefore not been studied
in further detail.

8.34 t→H+b

Limits on the mass of the charged Higgs have been obtained from a number of experiments. An indirect
limit obtained from world averages of theτ branching ratios excludes at 90% CL any charged Higgs with
mH+ < 1.5 tan β GeV [263], wheretan β is the ratio of the vacuum expectation values of the two Higgs
doublets. CLEO indirectly excludesmH+ < 244 GeV fortan β > 50 at 95% CL, assuming a two-Higgs-
doublet extension to the SM [212], while the LEP experimentsdirectly excludemH+ < 59.5 GeV/c2 at
95% CL [264]. Searches at the Tevatron have extended the region of excluded[mH± , tan β] parameter
space, particularly at small and largetan β, and set a limit on the branching ratioBR(t→ H+b) <
0.45 at 95% CL [265]. Run 2 at the Tevatron will be sensitive tobranching fractionsBR(t→ H+b) >
11% [266].

ATLAS has performed an analysis of the experimental sensitivity to thet→H+b decay, followed
by H+→ τν, in the context of the MSSM [30, 267]. Since the relevantt→ H+b branching ratio is
proportional to(m2

t cot2 β + m2
b tan2 β) (see (73)), for a given value ofmH± the branching ratio for

such decays is large at small and at largetan β, but has a pronounced minimum attan β ∼
√

mt/mb ∼
7.5. The exact position of this minimum and its depth is sensitive to QCD corrections to the running
b-quark mass.

In the ATLAS analysis, an isolated high-pT lepton with| η | < 2.5 is required to trigger the ex-
periment, which in signal events originates from the semi-leptonic decay of the second top quark. One
identified hadronic tau is then required, and at least three jets withpT > 20 GeV and| η |< 2.5, of which
two are required to be tagged asb-jets. This reduces the potentially large backgrounds fromW+jet and
bb̄ production to a level well below thett̄ signal itself. These cuts enhance theτ -lepton signal fromH±

decays with respect to that fromW decay, and select mostly single-prongτ -decays. After the selection
cuts and theτ identification criteria are applied,t→ H+b decays appear as final states with an excess of
events with one isolatedτ -lepton compared to those with an additional isolated electron or muon.

A signal from charged Higgs-boson production intt̄ decays would be observed for all values of
mH± belowmt − 20 GeV over most of thetan β range. For moderate values oftan β, for which the
expected signal rates are lowest, the accessible values ofmH± are lower than this value by 20 GeV. The
limit on the sensitivity toBR(t→ H+b) is dominated by systematic uncertainties, arising mainly from
imperfect knowledge of theτ -lepton efficiency and of the number of fakeτ -leptons present in the final
sample. These uncertainties are estimated to limit the achievable sensitivity toBR(t→ H+b) = 3%.
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For charged Higgs masses below 150 GeV and for low values oftan β, theH±→ cs andH±→ cb
decay modes are not negligible. In the same mass range, the three-body off-shell decaysH±→ hW ∗,
H±→AW ∗ andH±→ bt∗→ bbW also have sizeable branching ratios. When the phase-space increases,
for 150 GeV< mH± < 180 GeV, both thebbW and thehW ∗ mode could be enhanced with respect
to theτν mode. Decays into the lightest charginoχ̃±

1 and neutralinõχ0
1 or decays into sleptons would

dominate whenever kinematically allowed. For large valuesof tan β the importance of these SUSY
decay modes would be reduced. However, for values as large astan β = 50, the decayH±→ τ̃ ν̃ would
be enhanced, provided it is kinematically allowed and wouldlead toτ ’s in the final state. Their transverse
momentum spectrum is, however, expected to be softer than that ofτ ’s from the directH±→ τν decays.

TheH±→ cs decay mode has been considered as a complementary one to theH±→ τν channel
by ATLAS for low values oftan β. In the ATLAS analysis, one isolated highpT lepton with | η | <
2.5 is required to trigger the experiment, which in signal events originates from the semi-leptonic decay
of the second top quark. Twob-tagged jets withpT > 15 GeV and| η | < 2.5 are also required, with
no additionalb-jet. Finally, at least two non-b central jets with| η | < 2.0 are required for theH±→ cs
reconstruction, and no additional jets above 15 GeV in this central region. Evidence forH± is searched
for in the two-jet mass distribution. The mass peak from anH± decay can be reconstructed with a
resolution ofσ = (5 − 8)GeV if the mass of theH± is in the range between 110 and 130 GeV. In this
mass range, the peak sits on the tail of the reconstructedW→ jj distribution fromtt̄ background events
which decay via aWb instead of aH±b. In the mass range 110< H± < 130 GeV, theH± peak can
be separated from the dominantW→ jj background, withS/B ≈ 4-5% andS/

√
B ∼ 5. This channel

is complementary to theH±→ τν channel for lowtan β values. Whereas theH±→ τν channel allows
only the observation of an excess of events, it is possible toreconstruct a mass peak in theH±→ cs
decay mode.

TheH±→ hW ∗,H±→AW ∗ andH±→ bt∗→ bbW have not been studied so far by ATLAS. With
the expectedb-tagging efficiency, these multi-jet decay modes are very interesting for a more detailed
investigation.

8.35 t→ Zq decay

The sensitivity to the FCNC decayt → Zq (with q = u, c) has been analyzed [268] by searching for a
signal in the channeltt̄→ (Wb)(Zq), with the boson being reconstructed via the leptonic decayZ → ll.
The selection cuts required a pair of isolated, opposite sign, same flavor leptons (electrons or muons),
each withpT > 20 GeV and|η| < 2.5 and with|mll −mZ | < 6 GeV. The dominant backgrounds come
fromZ + jet andWZ production. Not only cuts were applied on theZq final state, but also on theWb
decay of the other top quark in the event, to further reduce the background. Two different possible decay
chains have been considered: the first (“leptonic mode”) where theW decays leptonicallyW → ℓν,
and the second (“hadronic mode”) withW → jj. The hadronicW decay signature has a much larger
branching fraction, but suffers from larger backgrounds. The search in the leptonic mode required, in
addition to the leptons from the Z boson decay, a further lepton withpT > 20 GeV and|η| < 2.5,EmissT

> 30 GeV, and at least two jets withpT > 50 GeV and|η| < 2.5. Exactly one of the highpT jets was
required to be tagged as ab-jet. The invariant mass spectrum of eachZq combination was then formed
from theZ → ll candidates taken with each of the nonb-tagged jets. TheZq invariant mass resolution
was 10.1 GeV. Combinations were accepted ifmZq agreed with the known top mass within± 24 GeV.
Assuming an integrated luminosity of 100 fb−1, 6.1 signal events survive the cuts with 7 background
events. A value ofBR(t→Zq) as low as2 · 10−4 could be discovered at the 5σ level.

The search in the hadronic mode required, in addition to theZ → ll candidate, at least four jets
with pT > 50 GeV and|η| < 2.5. One of the jets was required to be tagged as ab-jet. To further reduce
the background, the decayt → jjb was first reconstructed. A pair of jets, among those not tagged as a
b-jet, was considered a W candidate if|mjj −MW | < 16 GeV.W candidates were then combined with
theb-jet, and considered as a top candidate if|mjjb −mt| < 8 GeV. For those events with an accepted
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t→ jjb candidate, the invariant mass of theZ candidate with the remaining unassigned highpT jets was
calculated to look for a signal fromt → Zq decays. Combinations were accepted in case|mZq −mt|
< 24 GeV. Assuming an integrated luminosity of 100 fb−1, one would get 0.4 signal events, with 2
background events.

8.36 t→ γq decay

The FCNC decayt → γq (with q = u, c) can be searched for as a peak in theMγ j spectrum in the
region ofmt. The requirement of a highpT isolated photon candidate intt̄ → (Wb)(γq) events is
not sufficient to reduce the QCD multi-jet background to a manageable level. Therefore, thet → Wb
decay of the other top (anti-) quark in the event was reconstructed using the leptonicW → ℓν decay
mode, and looking for thett̄ → (Wb)(γq) → (ℓνb)(γq) final state. For the event selection, the ATLAS
collaboration [30, 262] required the presence of an isolated photon withpT > 40 GeV and|η| < 2.5, an
isolated electron or muon withpT > 20 GeV and|η| < 2.5, and EmissT > 20 GeV. Exactly 2 jets withpT
> 20 GeV were required, in order to reduce thett̄ background. At least one of the jets was required to
be tagged as ab-jet with pT > 30 GeV and|η| < 2.5. Thet → ℓνb candidate was first reconstructed.
The combination was accepted as a top quark candidate ifmℓνb agreed withmt within ±20 GeV. For
these events thet → γq decay was sought by combining the isolated photon with an additional hard jet
with pT > 40 GeV and|η| < 2.5. The invariant mass of theγj system was required to agree with the
known value ofmt within ±20 GeV. Themγj resolution with the cuts described above was 7.7 GeV, and
the signal efficiency (not counting branching ratios) was 3.3%, including ab-tagging efficiency of 60%.
The background (155 events for an integrated luminosity of 100 fb−1) is dominated by events with a real
W → ℓν decay and either a real or a fake photon. These processes include tt̄, single top production,
W + jets andWbb production. The corresponding 5σ discovery limit is

BR(t → γq) = 1.0 × 10−4. (84)

8.37 t→ gq decay

The search for a FCNCtgq coupling (withq = u, c) through the decayt → gq was analyzed in [229]
for the Tevatron. However, as can be seen from Table 23 in Section 7., the sensitivity for such a coupling
turns our to be much larger in thet production processes than in the decayt→ gq, whose signal will be
overwhelmed by the QCD background. We refer the reader to Section 7. for a detailed discussion of this
point.

8.4 CMS studies of FCNC top quark decays and t→ H+b

The CMS sensitivity tot → γ(Z)(u, c) decays was studied recently (see [230] for details). The
PYTHIA 5.7 [52] generator was used for the signal and background simulations and the detector re-
sponse was simulated at the fast MC level (CMSJET [177]). Forthet → γ(u, c) signal the exact2 → 5
matrix elementsgg(qq̄) → tt̄ → γu(c) + W ∗b(→ ℓνb) were calculated and included in PYTHIA . The
t→ γ(Z)(u, c) decays would be seen as peaks in theMγ(Z),jet spectrum in the region ofmt. To separate
the signal from the background one has to exploit the presence of the additional top decaying to theℓνb
in the same event. The signature with the hadronic decay of the additional top was found to be hopeless.

8.41 t→ γ(u, c)

In order to separate the(γq)(ℓνb) final state from the backgrounds several selection criteriawere
found to be effective. First, the presence of one isolated photon withEt ≥ 75 GeV and|η| ≥ 2.5, one
isolated lepton (µ, e) with Et ≥ 15 GeV and|η| ≥ 2.5, and at least two jets withEt ≥ 30 GeV and
|η| ≥ 2.4 is required. One top quark has to be reconstructed from the photon and jet (Mγ,jet ⊂ mt ± 15
GeV), the corresponding jet is not allowed to beb-tagged. On the contrary, the jet with maximalEt,
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which is not involved in the(γ, jet) system has to beb-tagged, should haveEt ≥ 50 GeV and contribute
to another reconstructed top quark (Mℓνj ⊂ mt±25GeV). There must be no additional jets withEt ≥ 50
GeV. Theb-tagging efficiency was assumed to be60% for the purity1%(10%) with respect to the gluon
and light quark jets (c-quark jets). After this selection, approximately 270 background events dominated
by thett̄ andW + jets, includingWbb̄, survive for the integrated luminosity of 100 fb−1, while the signal
efficiency is9.1%. TheS/B ratio is about 1 forBR(t → γ(u, c)) = 10−4 and the 5σ discovery limit is
as low as3.4 × 10−5 for 100 fb−1.

8.42 t→ Zq

Thet → Zq signal was searched for in thett̄ → (ℓℓ̄q)ℓνb final state. Three isolated leptons with
Et ≥ 15 GeV and|η| ≤ 2.5, and exactly two jets withEt ≥ 30 GeV and|η| ≤ 2.5 are required. The
pair of the opposite-sign same-flavour leptons has to be constrained to theZ mass (Mℓℓ̄ ⊂MZ±6 GeV)
and one jet, combined with the reconstructed Z, has to form the top system (Mℓℓ̄j ⊂ mt ± 15 GeV).
This jet is not allowed to be theb-jet, but the last ”free” jet in the event has to beb-tagged. For the
integrated luminosity of 100 fb−1 just∼ 9 background events coming from theWZ, tt̄Z andZ + jets
processes survive. The signal efficiency is about6.8% which corresponds, however, only to∼ 12 events
for BR(t → Z(u, c)) = 10−4. The indication is that one can reduce the background rate tothe nearly
zero level tightening the selection criteria. In particular, requiring in additionEmisst ≥ 30 GeV and a
harder jet involved in the top(ℓℓ̄j) system (Et ≥ 50 GeV) one can reduce the background to the level
of ∼ 0.6 events still keeping∼ 3.7% of the signal (6.6 events forBR(t → Z(u, c)) = 10−4 and 100
fb−1). One can conclude that thet→ Z(u, c) signal should be very clean but, due to the low signal event
rate, only∼ 3× 100fb−1 of integrated luminosity would allow one to probeBR(t→ Z(u, c)) as low as
10−4, provided the present background understanding is correctand the detector performance will not
be deteriorated during the long run. The5σ reach for 100 fb−1 is ∼ 1.9 × 10−4.

8.43 t→H+b

CMS has investigated the production of the light charged Higgs,mH± < mt, in tt events using the decay
chaintt→H±bWb→(τ±ντb) + (ℓνb) [269]. TheH±→τν branching ratio is large∼98% in this mass
range fortan β >2 and only slightly dependent ontan β. Thet→H±b branching ratio is large both at
high and at lowtan β values and has a minimum of∼0.8% aroundtan β ∼6. Since the Higgs mass
cannot be reconstructed in this process the signal can be only inferred from the excess ofτ production
over what is expected from the SMt→Wb,W±→τ±ν decay.

An isolated lepton withpt > 20 GeV is required to identify the top decay and to trigger the
event. Theτ ’s are searched starting from calorimeter jets withEt >40 GeV within |η| <2.4. For the
τ identification the tracker information is used, requiring one hard isolated charged hadron withpt >30
GeV within the cone of∆R <0.1 inside the calorimeter jet. The algorithm thus selects the one prongτ
decays.

The main backgrounds are due to thett events withtt→WbWb→(τ±ντb) + (ℓνb) andW +
jet events withW→τν. The tt background is irreducible, but can be suppressed by exploiting the
τ polarisation effects [270]. Due to theτ polarisation the charged pion fromτ→π±ν decay has a
harderpt spectrum when coming fromH±→τν than fromW±→τν. The decay matrix elements with
polarisation [271] were implemented in PYTHIA [52]. Due to the polarisation, the efficiency of the above
τ selection is significantly better forH±→τν (∼19%) than forW±→τν (∼6%).

The events were required to have at least oneb-jet with Et > 30 GeV tagged with an impact
parameter method [272]. Thisb-tagging suppresses efficiently, by a factor of∼70, the background from
W+jet events. The efficiency fortt events is∼35%. The expected 5σ discovery range for 10 fb−1

in the MSSM (mA, tan β) parameter space was found to be:mA < 110 GeV for alltan β values and
somewhat extended (mA ∼< 140) fortan β ∼< 2.

84



8.5 Conclusions on rare top decays

In the framework of the SM, the top rare decays (that is any channel different fromt→qW ) are definitely
below the threshold for an experimental analysis at LHC. On the other hand, LHC experiments will be
able to probe quite a few predictions of possible extensionsof the SM.

An extended Higgs sector will be looked for through the tree-level decayt→bH+. ATLAS esti-
mates its sensitivity to this channel in the MSSM, through anexcess in the tau lepton signal, to be around
BR(t→H+b) = 3% (that is almost 4 times better than what expected from Run2 at the Tevatron). This
would allow to probe all values ofmH± belowmt − 20 GeV over most of thetan β range. For low
tan β, the complementary decay modeH±→cs has been considered. In the mass range 110< H± <
130 GeV, theH± peak can be reconstructed and separated from the dominantW→jj background.

For CMS, using theτ excess signature, the expected 5σ discovery range for 10 fb−1 in the MSSM
(mA, tan β) parameter space ismA < 110 GeV, for alltan β values, and somewhat extended (mA ∼<
140), fortan β ∼< 2.

Other interesting signatures likeH±→hW ∗,H±→AW ∗ andH±→bt∗→bbW are very promising
in particular parameter ranges, but have not yet been thoroughly investigated.

ATLAS has studied its sensitivity to the radiative decayt→WbZ. This has been found to be at
most of the order 10−4, that is insufficient for the study of a SM signal (∼ 10−6), but possibly useful for
exploring the predictions of some extended Higgs-sector model, for whichBR(t→WqZ) ∼< 10−2. On
the other hand, the radiative Higgs decayt→WbH seems out of the reach of LHC in any realistic model.

The LHC reach for the FCNC decayst→qZ, t→qγ and t→qg has also been thoroughly in-
vestigated. Apart from thet→qg, which is completely overwhelmed by the hadronic background, both
ATLAS and CMS have a sensitivity of about2 × 10−4 to thet→qZ channel, while the CMS reach for
thet→qγ channel is about3.4 × 10−5, that is slightly better than the ATLAS sensitivity (1.0 × 10−4),
assuming an integrated luminosity of 100 fb−1. These thresholds could be largely sufficient to detect
some manifestation of possible FCNC anomalous couplings inthe top sector.

ATLAS has also investigated its sensitivity to a measurement of |Vtb| through a determination
of the rateBR(t→bX), by comparing the number of observed (1 or 2)b-tags in att̄ sample. Within
the three-generation SM, the ratio of doubleb-tag to singleb-tag events isR2b/1b = |Vtb|2. LHC will
allow a much more precise determination ofR2b/1b with respect to the Tevatron (where, presently, one
gets|Vtb| > 0.76 at the 95% CL). On a purely statistical basis, the expected relative error onR2b/1b is
δR2b/1b/R2b/1b (stat.) = 0.2% for an integrated luminosity of 10 fb−1, that would imply a relative error
on |Vtb| of about 10/00 . On the other hand, the final uncertainty will be dominated bysystematic errors
related to theb-tagging. Further study is needed to estimate the size of these systematic uncertainties.

9. ASSOCIATED TOP PRODUCTION24

The associated production of a Higgs boson (both SM-like andMSSM) with a top-antitop pair, is one of
the most promising reactions to study both top quark and Higgs boson physics at the LHC.

Thepp → tt̄H channel can be used in the difficult search for an intermediate mass Higgs (mH≃
100−130 GeV), as first proposed in [273]. In this mass region, the associated top production cross
section is quite high but still smaller than the leadinggg → H andqq → Hqq cross sections by two
orders and one order of magnitude, respectively. However, since the final statett̄H signature is extremely
distinctive, even such a small signal production rate can become relevant, especially if identifying the
Higgs through its dominantH → bb̄ decay becomes realistic, as will be discussed in the following.

Associatedtt̄H production will furthermore provide the first direct determination of the top quark
Yukawa coupling, allowing to discriminate, for instance, aSM-like Higgs from a more general MSSM
Higgs. Processes likegg → H or H → γγ are also sensitive to the top Yukawa coupling, but only

24Section coordinators: A. Belyaev, L. Reina, M. Sapinski (ATLAS), V. Drollinger (CMS).
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Fig. 45: Cross section fortt̄H production at the LHC as a
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Fig. 46: Diagrams forgg→tt̄H , the leading parton
level process forpp→ tt̄H .

through large top loop corrections. Therefore loop contributions from other sources of new physics can
pollute the interpretation of the signal as a measurement ofthe top Yukawa coupling.

In the following we will concentrate on the case of a SM-like Higgs boson, whose top Yukawa
coupling (yt = 23/4G

1/2
F mt) is enhanced with respect to the corresponding MSSM (scalarHiggs) cou-

pling for tan β > 2, the region allowed by LEP data. Predictions for the MSSM case can be easily
obtained by rescaling both thett̄H coupling and any other coupling that appears in the decay of the
Higgs boson.

The cross section forpp → tt̄H at LO in QCD has been known for a long time [274] and has
been confirmed independently by many authors. We have recalculated it and found agreement with the
literature. Of the two parton level processes (qq̄ → tt̄H and gg → tt̄H), gg → tt̄H dominates at
the LHC due to the enhanced gluon structure function. The complete gauge invariant set of Feynman
diagrams forgg → tt̄H is presented in Fig. 46. The corresponding analytical results are too involved to
be presented here. The numerical results for

√
s=14 TeV and a few values of the QCD scaleµ are given

in Table 25, and illustrated in Fig. 45 as functions ofmH , for µ=mH . For consistency, we have used the
leading order CTEQ4L PDFs [115] as well as the leading order strong coupling constant (for reference,
αLOs (µ = MZ) = 0.1317 for Λ

(5)
QCD = 0.181). The cross section, as expected from a LO calculation,

shows a strong scale dependence, as can be see in Table 25 , where results forµ=mH , mt,mH + 2mt

and
√
ŝ are presented. In comparison withµ= 2mt + mH , for µ=mH we have 80-50% higher cross

sections, when 100 GeV< mH < 200 GeV. Since the choice of the QCD scale at LO is pretty arbitrary,
and since we expect NLO QCD corrections to enhance the LO cross section, we decide to useµ=mH in
Fig. 45 and in the following presentation. These calculations have been performed independently using
the CompHEP software package [275] and MADGRAPH [276]+HELAS [277].

The NLO QCD corrections are expected to enhance the cross section, but their complete evaluation
is still missing at the moment. Associated top production isin fact the only Higgs production mode for
which the exact NLO QCD corrections have not been calculatedyet. The task is very demanding, since
it requires the evaluation of several one loop five-point functions for the virtual corrections and the
integration over a four-particle final state (three of whichmassive) for the real corrections.

For largemH , the cross section fortt̄H has been calculated including a complete resummation
of potentially large logarithms, of orderln(mH/mt), to all orders in the strong coupling [278]. These
effects can almost double the cross section formH=1 TeV.
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Table 25: Leading order cross sections fortt̄H production at the LHC. The individual parton level channels(qq̄ → tt̄H and

gg → tt̄H) as well as their sum are given for a few values of the renormalization scaleµ.

mH [GeV] qq̄ [fb] gg [fb] qq̄+gg [fb] qq̄+gg [fb] qq̄+gg [fb] qq̄+gg [fb]
µ = mH µ = mH µ = mH µ = mt µ = 2mt +mH µ =

√
ŝ

100 348. 990. 1340. 1070. 765. 685.
110 279. 740. 1020. 840. 596. 534.
120 227. 558. 785. 674. 473. 422.
130 186. 428. 613. 542. 379. 338.
140 153. 334. 487. 445. 308. 273.
150 128. 263. 391. 367. 251. 224.
160 107. 210. 317. 306. 207. 184.
170 90.5 169. 260. 257. 173. 152.
180 76.8 139. 216. 218. 145. 128.
190 65.7 115. 181. 187. 124. 108.
200 56.4 97.1 153. 162. 106. 92.4
300 15.0 29.5 44.5 55.7 33.2 28.4
400 5.11 15.6 20.7 29.6 16.2 13.8
500 2.04 9.51 11.5 18.4 9.32 7.98
600 0.909 6.00 6.91 12.1 5.73 4.93
700 0.439 3.86 4.29 8.20 3.63 3.14
800 0.226 2.50 2.72 5.62 2.34 2.04
900 0.122 1.65 1.76 3.90 1.54 1.35
1000 0.0684 1.10 1.16 2.73 1.02 0.900

For an intermediate mass Higgs, theK factor (σNLO/σLO) has been estimated in the Effective
Higgs Approximation (EHA) [279]. The EHA neglects terms ofO(mH/

√
s) and higher and works

extremely well fore+e− → tt̄H already at
√
s=1 TeV. However, it is a much poorer approximation in

thepp → tt̄H case, since it does not include thet -channel emission of a Higgs boson forgg → tt̄H.
Indicatively, at

√
s = 14 TeV, for a SM-like Higgs boson withmH ≃ 100−130 GeV, the EHA gives

K≃1.2 − 1.5, with some uncertainty due to scale and PDF dependence. Onlythe complete knowledge
of the NLO level of QCD corrections will allow to reduce the strong scale and PDF dependence of the
LO and EHA cross sections. For the following analysis we choose to use the pure LO cross section
with no K-factor, both due to the uncertainty of the result and for consistency with the corresponding
background cross sections. However, one should point out that, due to the choice of a quite low QCD
scale (µ=mH), a sort ofeffectiveK-factor has been automatically included in our analysis.

In the following subsection we present the analysis and results from the ATLAS collaboration as
well as a discussion of the main backgrounds. The analysis mainly focuses on the search and study
of an intermediate mass Higgs boson. To introduce the study,it is useful to discuss and qualitatively
understand the size of the possible irreducible backgrounds in the100<mH<140 GeV mass region.

Given the relatively small number of events that will be available, one should try to consider all
possible decay channels of the Higgs boson in the intermediate mass region:H → bb̄ , τ τ̄ , γγ , WW
andZZ. The corresponding irreducible backgrounds are: 1)tt̄bb̄, 2) tt̄τ τ̄ , 3) tt̄γγ, 4) tt̄WW , and 5)
tt̄ZZ. The number of events expected from signal and background signatures for 1)-5) are presented in
Fig. 47. This figure shows the number of signal and backgroundevents in each bin of the corresponding
invariant mass:Mbb, Mττ , Mγγ , MWW or MZZ . They are obtained multiplying thett̄H cross section
by the respective Higgs boson branching ratios. In order to take into account finite mass resolution
effects, we have chosen 10 GeV bins for theMγγ distribution and 50 GeV for the others. The presented
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Table 26: Leading-order cross sections for varioustt̄XX backgrounds.

tt̄bb̄ tt̄τ τ̄ tt̄γγ tt̄WW tt̄ZZ

cuts |ηb| < 3 |ητ | < 3 |ηγ | < 2.5
EbT > 15 GeV EτT > 15 GeV EγT > 15 GeV
mbb > 90 GeV Mγγ > 90 GeV

σ [fb] qq̄ 41.2 2.9 2.73 0.50 1.11
gg 846. 15.7 1.82 1.52 0.567

qq̄+gg 887. 18.6 4.55 2.53 1.68

numbers correspond to 30 fb−1 of integrated luminosity. The corresponding total cross sections are given
in Table 26.

Cross sections for backgrounds 1)-3) were calculated with the kinematic cuts shown in Table 26,
while for processes 4) and 5) no cuts were applied. We have used CTEQ4L PDF andµ2 = MXX , where
XX is bb̄, τ+τ−, γγ, W+W− or ZZ depending on the channel. One can see that thett̄bb̄ signature
has the highest signal (and background) event rate. It has been the object of the study of the ATLAS
collaboration and will be discussed in the next section. Thett̄γγ channel has also been the subject
of [280] where signal as well as reducible and irreducible backgrounds have been studied in details at the
parton level. However, one can see that other signatures could also be interesting and helpful in searching
for the Higgs boson and measuring thett̄H Yukawa coupling, and should be taken into account in future
studies.

9.1 t̄tH : Analyses and Results

The ATLAS collaboration has studied several channels in which the discovery of a SM-like Higgs boson
would be possible and obtained a quite complete Higgs discovery potential [30]. One of the most impor-
tant channels for discovery of a low mass Higgs boson (100−130 GeV) is thett̄H, H → bb̄ channel,
in which it is possible to obtain quite large signal significance [281] and also to measure the top-Higgs
Yukawa coupling.

The final state of this channel consists of twoW bosons and fourb−jets: two from the decay of
the top quarks, and two from the decay of the Higgs boson. In order to trigger signal events, oneW
boson is required to decay leptonically. The secondW boson is reconstructed from the decay to aq′q̄
pair. This channel could be also investigated with bothW bosons decaying leptonically. However, for
this signature the total branching ratio is much smaller and, in addition, it is more difficult to reconstruct
two neutrino momenta from the measured missing energy.

In the analysis both top quarks are fully reconstructed, andthis reduces most of theW+jets back-
ground. The reconstruction is done using strategies similar to those discussed in Section 3.5 for the
kinematic studies oftt̄ production. The main backgrounds for this process are:

• the irreducible continuumtt̄bb̄ background;

• the irreducible resonanttt̄Z background, which is not very important for this channel as it has a
very small cross section;

• the reducible backgrounds which contain jets misidentifiedas b-jets, such astt̄jj, Wjjjjjj,
WWbb̄jj, etc.

After the reconstruction of the two top quarks, it has been found that the most dangerous back-
ground istt̄bb̄ (56% of all tt̄+jets background). In Table 27 we giveσ×BR, where BR represents the
product of the branching ratios fort → Wb,W1 → ℓν,W2 → q1q̄2, andH → bb̄. We also give
the number of events expected after the reconstruction procedure for 3 years of low luminosity oper-
ation (b-tagging efficiencyǫb = 60%; probability to mistagc-jet asb-jet ǫc = 10%; probability to
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Fig. 47: Number of events fortt̄H signal (solid line) and backgroundtt̄bb̄, tt̄γγ, tt̄WW , tt̄ZZ signatures (histogram), as a

function of the corresponding invariant massesMXX , assuming 30 fb−1 of integrated luminosity at
√
s=14 TeV. The bin size

is 10 GeV for theMγγ distribution and 50 GeV for the others.

mistag any other jet asb-jet ǫj = 1%; pjetT > 15 GeV; lepton identification efficiencyǫℓ = 90%;
pe,µT > 20 GeV), and after one year of high luminosity operation (for high luminosity theb-tagging effi-
ciency is degraded toǫb = 50% (ǫc, ǫj andǫℓ remain unchanged), the threshold on jet reconstruction is
raised topT > 30 GeV and the electronpT threshold is raised topeT > 30 GeV). Combined results are
also shown.

Figure 48 shows the signal and background shapes formH =120 GeV and 100 fb−1 of integrated
luminosity obtained with combined detector performance (30 fb−1 with low luminosity and 70 fb−1 with
high luminosity). On the other hand, Fig.49 illustrates thesignal shape formH =100 GeV, as obtained
by using the full (GEANT) simulation of the detector. In thisfigure, the shaded area represents the true
signal where bothb-jets come from the Higgs boson, and the solid line stands forthe signal obtained
through the method that we described above. Thecombinatorial background, which comes from taking
at least oneb-jet from a top instead the one from the Higgs, is quite large and the signal purity is at the
level of 60% for low luminosity.

For the fast simulation thembb̄ peak mass resolution isσmbb̄
= 19.0 GeV, while for the full

simulation, including the influence of electronic noise andthe threshold on cell energy, a resolution
σmbb̄

=20.0 GeV has been obtained.
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Table 27: Cross sections multiplied by branching ratios andnumbers of events after all cuts, including the±30mbb̄ mass win-

dow cut, for 30 fb−1 (low luminosity detector performance), 100 fb−1 (high luminosity detector performance) and combined

100 fb−1 (30 fb−1 with low luminosity and 70 fb−1 with high luminosity detector performance) of integrated luminosity.

σ × BR nr. of
process (pb) reconstructed events

low lumi high lumi combined

tt̄H, mH = 120 GeV 0.16 40 62 83
tt̄+ jets 87 120 242 289
Wjjjjjj 65200 5 10 12
tt̄Z 0.02 2 5 6

total background - 127 257 307
S/B - 0.32 0.24 0.27

S/
√

(B) - 3.6 3.9 4.8
SH→bb̄/Stotal - 59% 50% -
δyt/yt (stat.) - 16.2% 14.4% 11.9%

Similar analyses have been performed for thett̄H, H → γγ channel. Since the signal rate for this
channel is very small, it will not be useful during the low luminosity period. However, thanks to the high
purity of the signal, it will be possible to obtain between 4 or 5 signal events above 1 event fromtt̄γγ
background per one year of high luminosity operation [282].To increase the signal rate,WH andZH
with H → γγ channels have been included into the analysis and 14 signal events above 5 background
events (Wγγ, Zγγ, tt̄γγ andbb̄γγ) are expected for one year of high luminosity operation [30].

The statistical uncertainty in the determination of the top-Higgs Yukawa couplingyt is given in
the last row of Table 27. These results assume that the theoretical uncertainty is small, as we expect to
be the case by the time the LHC turns on. Many statistical uncertainties of the direct measurement of
yt, such as those associated with uncertainties in the integrated luminosity and in thett̄ reconstruction
efficiency, could be controlled by comparing thett̄H rate with thett̄ rate.

To conclude, thett̄H, H → bb̄ andH → γγ channels are very useful for Higgs boson discovery
as well as for the measurement the of top-Higgs Yukawa coupling.

9.11 A closer look at thett̄bb̄ background: CompHEP versus PYTHIA

It is necessary to stress that the correct understanding of the tt̄bb̄ background is one of the main points
of this study. One can simulate this background using PYTHIA , by generating events of top pair produc-
tion and emittingbb̄ pairs from the gluon splitting after the initial and final state radiation. In order to
understand how good or bad this approximation is, one needs to calculate and simulate the completett̄bb̄
process. We have done this using the CompHEP package [275].

In order to compare CompHEP and PYTHIA on the same footing, one should take into account
the effects of the initial and final state radiation in CompHEP. This has been done through a CompHEP-
PYTHIA interface [283]. We use parton level events generated by CompHEP and link them to PYTHIA in
order to include initial and final state radiation effects aswell as hadronization effects.

Table 28 presents parton level CompHEP and PYTHIA cross sections including branching ratios
of theW -boson decay, for the same choice of structure function (CTEQ4L [115]) and QCD scale (µ2 =
m2
t+p

2
T (average)). We can see a good agreement for the total cross sections between the exact calculation

and the gluon splitting approximation.

In Fig. 50 we present the distribution ofb-jet separation intt̄bb̄ events. One can see a quite
good agreement between CompHEP and PYTHIA . Figures 51 and 52 compare the transverse momentum
distributions of the most energeticb-jet and of the least energeticb-jet in tt̄bb̄ production, as reproduced
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Table 28: Results for thett̄bb̄ background, assuming an integrated luminosityLint = 30 fb−1: CompHEP (ISR and FSR

included) versus PYTHIA (default).
Selection CompHEP PYTHIA CompHEP / PYTHIA

4 b-quarks with 92000 events 87600 events 1.05
pT > 15 GeV/c ; |η| < 2.5 σ = 3.1 pb σ = 2.9 pb
∆R(b,b) > 0.5 54000 events 48900 events 1.10
b-quarks not from top decay 59% of prev. Step 56% of prev. Step

using PYTHIA and CompHEP respectively. These distributions also confirmthat PYTHIA describes well
thett̄bb̄ background.

9.2 Summary and conclusions for tt̄H production

The associated production of a Higgs boson with a top-antitop pair is important for the discovery of an
intermediate mass Higgs boson (mH ≃ 100−130 GeV) and provides a direct determination of the top-
Higgs Yukawa coupling. From studies of the couplings and of the CP-parity of the Higgs boson [284] it
will be possible to discriminate, for instance, a SM-like Higgs boson from a generic MSSM one.

The ATLAS analysis has focused on thett̄H , H → bb̄ channel for the low luminosity run of the
LHC (30 fb−1 of integrated luminosity). The results presented in Section 9.1 are very encouraging and
indicate that a signal significance of 3.6 as well as a precision of 16% in the determination of the Yukawa
coupling can be reached (formH = 120 GeV). Better results can be obtained from the high luminosity
run of the LHC (100 fb−1 of integrated luminosity), when also the high puritytt̄H,H → γγ channel is
available.
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A APPENDIX: b-TAGGING AND JET E-SCALE CALIBRATION IN TOP EVENTS25

For the reconstruction of the top events and in particular for the precision measurement of the top mass
two important aspects in the detector performance have to beconsidered:

• theb-quark jet tagging capabilities and efficiency in top events, and

• the jet energy scale calibration for the light quark jets butin particular for theb-jets.

In both experiments ATLAS and CMS several studies have been made on these, highlights of which are
presented here. From the preliminary results available so far, there is confidence that the numbers used
or implied in the analyses presented in this report are realistic. Needless to say that these are preliminary
results and several detailed studies need to be performed with the final detector simulations and the first
LHC data.

25Section coordinator: I. Efthymiopoulos
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A1 b-jet tagging in the top events

ATLAS has done extensive studies for theb-tagging performance using jets from the decay of 100 and
400 GeV Higgs bosons ([30], Chapter 10). In Fig. 53 the rejection factors for the light quark jets versus
theb tagging efficiency and the jetpT are shown.

Typically in the ATLAS analyses discussed here, and in particular for the fast simulation studies,
an overallb-jet tagging efficiency of 60% (50%) for low (high) luminosity of LHC is used. The mis-
tagging inefficiencies for thec-jets (or other light quark jets) were 10% (1%) for thepT range interesting
for the top physics. Although most of the studies were done with events from the Higgs decays, the
results were verified with the top events themselves and no significant differences were found.

A2 Absolute jet energy scale calibration

Determining the absolute jet energy scale at LHC will be a rather complex issue because it is subject
to both physics (initial-final state radiation, fragmentation, underlying event, jet algorithm etc.) and
detector (calorimeter response over a wide range of energies and over the full acceptance of the detector,
non-linearities at high energies,e/h ratio etc.) effects. All these have to be understood at the level of a
fraction of a percent in terms of systematic uncertainties as required for the precision measurements of
the top mass.

ATLAS has done an extensive study of the possiblein situ jet scale calibration methods using
specific data samples available at LHC ([30], Chapter 12). Ingeneral, good candidate event classes at
LHC will be:

• reconstruction ofW → jj decays within the top events themselves [12] to obtain the light quark
jet calibration and,

• events containing aZ boson decaying into leptons balanced with one high-pT jet to cross-check
the light quark jet calibration but in addition to calibratetheb-jets and extend the energy reach to
the TeV range.

In Fig. 54 the results obtained are shown. As can be seen (leftplot) for the case ofW → jj events,

93



0.9

0.95

1

1.05

1.1

50 100 150
pT (GeV)

(p
T

Z
-p

T
)/

p T
Z

   

Full simulation

Fast simulation

-0.02

0

0.02

0.04

0.06

0.08

50 100 150 200 250

Fig. 54: Left: Ratio of the original partonpT to thepT of the reconstructed jet as a function of thepT of the jet for the

W → jj decays reconstructed in includett̄ events. The jets were reconstruced using a fixed cone jet algorithm with cone size

DR= 0.4, (optimized for high luminosity operation of LHC). Right: Average fractional imbalance between thepT of theZ

boson and thepT of the leading jet as a function of thepT of the jet for the sample ofZ + jets events. A cone of DR= 0.7 is

used to collect the jet energy.

once the jet 4-vectors are rescaled using theMW constraint the required 1% uncertainty is reached for
jets withpT> 70 GeV up to several hundred GeV. The lower and upper end of this range will depend on
how well residual systematic effects can be controlled in the data and the Monte Carlo simulation [285].

The use of theZ + jets sample in LHC is a bit less straightforward than at the Tevatron [286]
due to the ISR radiation which produces an additional high-pT jet which degrades the quality of the
pT -balance between theZ boson and the leading jet. In Fig. 54 (right) the variation ofthe average
fractional imbalance between thepT of the leading jet and theZ boson as a function of thepT of the jet.
Rescaling the jetpT to satisfypT balance with theZ boson and applying tight selection criteria (jet veto
and difference in azimuthδφ between the reconstructedZ and the leading jet) the desired goal of±1%
systematic uncertainty on the absolute jet energy scale canbe achieved for jets withpT > 50 GeV and
up to the TeV range [287].

However, as shown in Fig. 54 (right), it is possible, taking advantage of the large rate and requiring
tight event selection criteria, to obtain the required precision for jets withpT> 40 GeV and up to the TeV
range.

Clearly more studies are needed, and will be done in the yearsto come, to understand the limita-
tions of the proposed methods and to devise possible improvements.

B APPENDIX: DIRECT MEASUREMENT OF TOP QUANTUM NUMBERS26

B1 Top spin and experimental tests

Evidence to date is circumstantial that the top events analysed in Tevatron experiments are attributable
to a spin-1/2 parent. The evidence comes primarily from consistency of the distribution in momentum
of the decay products with the pattern expected for the weak decayt → b + W , with W → ℓ + ν or
W → jets, where the topt is assumed to have spin-1/2.

26Section coordinators: E.L. Berger, U. Baur.
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It is valuable to ask whether more definitive evidence for spin-1/2 might be obtained in future
experiments at the Tevatron and LHC. We take one look at this question by studying the differential
cross sectiondσ/dMtt̄ in the region near production threshold [288]. HereMtt̄ is the invariant mass of
the tt̄ pair. We contrast the behaviour oftt̄ production with that expected for production of a pair of
spin-0 objects. We are motivated by the fact that in electron-positron annihilation,e+ + e− → q + q̄,
there is a dramatic difference in energy dependence of the cross section in the near-threshold region for
quark spin assignments of 0 and 1/2.

For definiteness, we compare top quarkt and top squark̃t production since a consistent phe-
nomenology exists for top squark pair production, obviating the need to invent a model of scalar quark
production. Moreover, top squark decay may well mimic top quark decay. Indeed, if the charginõχ+

is lighter than the light top squark, as is true in many modelsof supersymmetry breaking, the dominant
decay of the top squark is̃t → b + χ̃+. If there are no sfermions lighter than the chargino, the chargino
decays to aW and the lightest neutralinõχo. In another interesting possible decay mode, the chargino
decays into a lepton and slepton,χ̃+ → ℓ+ν̃. The upshot is that decays of the top squark may be very
similar to those of the top quark, but have larger values of missing energy and softer momenta of the
visible decay products. A recent study for Run II of the Tevatron [289] concluded that even with 4 fb−1

of data at the Tevatron, and including the LEP limits on chargino masses, these decay modes remain
open (though constrained) for top squarks with mass close tothe top quark mass.

At the energy of the CERN LHC, production oftt̄ pairs and of̃t̄t̃ pairs is dominated bygg subpro-
cess, and the threshold behaviours in the two cases do not differ as much as they do for theqq̄ incident
channel. In Fig. 55(a), we show the partonic cross sectionsσ̂(

√
ŝ) as functions of the partonic sub-

energy
√
ŝ for thegg channel. In Fig. 55(b), we display the hadronic cross sections forpp → tt̄X and

pp → t̃̃t̄X at proton-proton center-of-mass energy 14 TeV as a functionof pair mass. We include the
relatively small contributions from theqq̄ initial state. After convolution with parton densities, the shape
of the t̃̄t̃ pair mass distribution is remarkably similar to that of thett̄ case.

Based on shapes and the normalisation of cross sections, it is difficult to exclude the possibility that
some fraction (on the order of 10%) of top squarks with mass close to 165 GeV is present in the current
Tevatrontt̄ sample. The invariant mass distribution of the produced objects,Mtt̄, is quite different at the
partonic level for theqq̄ initial state (dominant at the Tevatron), but much less so for thegg initial state
(dominant at the LHC). However, after one folds with the parton distribution functions, the difference in
the qq̄ channel at the Tevatron is reduced to such an extent that theMtt̄ distribution is not an effective
means to isolate top squarks from top quarks.

Ironically, the good agreement of the absolute rate fortt̄ production with theoretical expecta-
tions [45, 47] would seem to be the best evidence now for the spin-1/2 assignment in the current Tevatron
sample.
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Fig. 56: Distribution in the invariant mass of a bottom quarkand charged lepton (X) for a top quark or top squark decay, with

relative size normalized to the cross sections at the LHC. The top squark decay and sparticle masses are discussed in the text.

A promising technique to isolate a top squark with mass closeto mt would be a detailed study
of the momentum distribution of the top quark decay products(presumably in the top quark rest frame).
One could look for evidence of a chargino resonance in the missing transverse energy and charged lepton
momentum, or for unusual energy or angular distributions ofthe decay products owing to the different
decay chains. One could also look for deviations from the expected correlation between angular distri-
butions of decay products and the top spin [167].

As a concrete example of an analysis of this type, in Fig. 56 wepresent the distribution in the
invariant massX of the bottom quark and charged lepton, withX2 = (pb + pℓ+)2, where the bottom
quark and lepton are decay products of either a top quark withmt = 175 GeV or a top squark̃t →
χ̃+b→W+χ̃0b→ ℓ+νℓχ̃

0b, withmt̃ = 165 GeV,mχ̃+ = 130 GeV,mχ̃0 = 40 GeV, andmb = 5 GeV.
TheX distribution is a measure of the degree of polarisation of theW boson in top quark decay [290],
and the figure shows that the different dynamics responsiblefor top squark decay result in a very different
distribution, peaked at much lowerX. The areas under the curves are normalised to the inclusivett̄ and
t̃̄t̃ rates at the LHC.

In this simple demonstration potentially important effects are ignored such as cuts to extract thett̄
signal from its backgrounds, detector resolution and efficiency, and ambiguities in identifying the correct
b with the corresponding charged lepton from a single decay. Detailed simulations would be required
to determine explicitly how effective this variable would be in extracting a top squark sample from top
quark events. Nevertheless, such techniques, combined with the largett̄ samples at the Tevatron Run II
and LHC, should prove fruitful in ruling out the possibilityof a top squark with mass close to the top
quark mass, or alternatively, in discovering a top squark hidden in the top sample.

B2 Direct Measurement of the Top Quark Electric Charge

In order to confirm that the electric charge of the top quark isindeedQtop = 2/3, one can either measure
the charge of theb-jet andW boson, or attempt to directly measure the top quark electro-magnetic
coupling through photon radiation in

pp→tt̄γ, pp→tt̄, t→Wbγ. (85)

Since the processpp→tt̄γ is dominated bygg fusion at the LHC, one expects that thett̄γ cross section is
approximately proportional toQ2

top. For radiative top decays the situation is more complicatedbecause
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the photon can also be radiated off theb-quark or theW line.

The charge of theb-jet can most easily be measured by selecting events where the b-quarks are
identified through their semi-leptonic decays,b→ℓνc with ℓ = e, µ. The small semi-leptonic branching
ratio of theb-quark (Br(b→ℓνc) ≈ 10%) and wrong sign leptons originating fromB− B̄ mixing are the
main problems associated with this method. For a quantitative estimate realistic simulations are needed.
Nevertheless, we believe that the enormous number of top quark events produced at the LHC should
make it possible to use semi-leptonicb-tagging to determine the electric charge of the top quark.

In our analysis, we focus on top charge measurement through the photon radiation processes listed
in (85), concentrating on the lepton+jets mode,

pp→γℓνjjbb̄. (86)

We assume that bothb-quarks are tagged with a combined efficiency of 40%. Top quark andW decays
are treated in the narrow width approximation. Decay correlations are ignored. To simulate detector
response, the following transverse momentum, rapidity andseparation cuts are imposed:

pT (b) > 15 GeV, |y(b)| < 2, (87)

pT (ℓ) > 20 GeV, |η(ℓ)| < 2.5, (88)

pT (j) > 20 GeV, |η(j)| < 2.5, (89)

pT (γ) > 30 GeV, |η(γ)| < 2.5, (90)

p/T > 20 GeV, all ∆R′s > 0.4. (91)

In addition, to suppress contributions from radiativeW decays, we require that

m(jjγ) > 90 GeV and mT (ℓγ; p/T ) > 90 GeV, (92)

wheremT is the cluster transverse mass of theℓγ system.

The events passing the cuts listed in (88) – (92) can then be split into three different subsamples:

1. By selecting events which satisfy

m(bjjγ) > 190 GeV and mT (bℓγ; p/T ) > 190 GeV, (93)

radiative top quark decays can be suppressed and an almost pure sample oftt̄γ events is obtained
(“tt̄γ cuts”).

2. For

mT (b1,2ℓγ; p/T ) < 190 GeV and m(b2,1jjγ) > 190 GeV, (94)

the processpp→tt̄, t→Wbγ,W→ℓν dominates (“t→Wbγ,W→ℓν cuts”).

3. Requiring

mT (b1,2ℓγ; p/T ) > 190 GeV and 150 GeV < m(b2,1jjγ) < 190 GeV, (95)

one obtains an event sample where the main contribution originates from the processpp→tt̄,
t→Wbγ,W→jj (“t→Wbγ,W→jj cuts”).

Formt = 175 GeV,Qtop = 2/3, and
∫

Ldt = 100 fb−1, one expects about 2400, 11000 and 9400 events
in the regions of phase space corresponding to the three setsof cuts. We have not studied any potential
background processes. The main background should originate fromWγ+ jets production and should be
manageable in a way similar to theW+ jets background for regulartt̄ production.

The differential cross section for the photon transverse momentum at the LHC is shown in Fig. 57.
Results are shown formt = 175 GeV and three “top” quark charges:Qtop = 2/3, Qtop = −4/3, and
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Fig. 57: The differential cross section for the photon transverse momentum in the reactionpp→γℓνjjbb̄ at the LHC for three

different “top” quark charges.

Qtop = 1/3. ForQtop = −4/3, the “top” quark decays into aW− and ab-quark instead oft→W+b.
If Qtop = 1/3, the “b”-quark originating from the “top” decay is a (exotic) charge −2/3 quark. In the
tt̄γ region (Eq. (93) and Fig. 57a), thepp→γℓνjjbb̄ cross section for a charge−4/3 (1/3) “top” quark
is uniformly a factor≈ 3.3 larger (≈ 2.3 smaller) than that forQtop = 2/3, reflecting the dominance
of thegg→tt̄γ process for which the cross section scales withQ2

top. On the other hand, for thepp→tt̄,
t→Wbγ,W→ℓν selection cuts (Eq. (94) and Fig. 57b), the cross section forQtop = −4/3 is a factor 3
to 5 smaller than that for a charge2/3 top quark, due to destructive interference effects in thet→Wbγ
matrix element. IfQtop = 1/3, the interference is positive, and the cross section is about a factor 2 to 2.5
larger than forQtop = 2/3. The results for thet→Wbγ,W→jj selection cuts ((95)) are similar to those
shown in Fig. 57b, and are therefore not shown here. Note thatthe photonpT distribution for radiative
top decays is much softer than that fortt̄γ production.

From our (simplified) calculation we conclude that the largenumber of double-taggedγℓνjjbb̄
events, together with the significant changes in thett̄γ and thett̄, t→Wbγ cross sections should make it
possible to accurately determineQtop at the LHC.

C APPENDIX: 4th GENERATION QUARKS27

For completeness, we present here results for the total cross section of possible heavy quarks above the
top quark mass. The scale and PDF dependences are shown in Fig. 58. The uncertainty due to the choice
of scale is comparable to that of thett̄ cross section, although the effects of the higher order corrections
are more and more important at large masses (see Fig. 59). Theuncertainty induced by PDF changes
becomes very large at large masses, in particular if one considers sets such as CTEQ5HJ which have
harder gluons. Notice however that the relative effect due to the resummation corrections depends only
very weakly upon the choice of PDF’s (cf. Section 3.2).

27Section coordinator: M.L. Mangano
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Fig. 58: Heavy quark total production rates. Left figure: scale dependence at fixed NLO (dashed lines in the lower inset), and

at NLO+NLL (solid lines). Right figure: PDF dependence. See the Section 3.2 for details.

Fig. 59: Heavy quark total production rates. Left figure: fractional contribution induced by resummation contributions of order

O(α≥4
S

). Right figure: initial state composition.

D APPENDIX: MONTE CARLO TOOLS28

D1 Parton shower Monte Carlos

General purpose Monte Carlo event generators likeHERWIG, PYTHIA and ISAJET are essential tools
for measuring the top quark cross section, mass and other production and decay properties. They are
complementary to the QCD tools described in Section 3.1 since, although they are less reliable for
inclusive quantities like the total cross section, they provide a fully exclusive description of individual
events at the hadron level. These can be analysed in exactly the same way as experimental data and can be
put through full or fast detector simulations to estimate experimental systematics. In certain kinematic
regions, particularly the quasi-elastic limit in which accompanying radiation is suppressed, they give
more reliable QCD predictions than the available calculations. They include approximate treatments of
higher order perturbative effects, hadronisation, secondary decays and underlying events.

The three programs we discuss have the same basic structure,although the precise details vary
enormously. Events are generated by starting with the hardest (highest momentum scale) interaction,
described by exact QCD (or EW) matrix elements. This is usually only done to leading order so describes

28Section coordinators: M.L. Mangano, M. Seymour.
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a 2→2 scattering process. The production of multi-parton final states is described as the emission of
additional partons from the incoming and outgoing partons of the hard process. This is simulated by a
parton shower algorithm in which the partons evolve downwards in some energy-like scale according to
perturbatively-calculable probabilistic distributions. When the evolution scale becomes small the running
coupling grows, phase space fills with (mostly soft) partonsand perturbation theory breaks down. At this
point a model of the non-perturbative physics is needed: theperturbative emission is cutoff by a fixed
infrared cutoff and the system of partons is confined into hadrons. Having treated all outgoing partons
we are left with the remnants of the incoming protons, stripped of the partons that participated in the hard
process. These remnants can interact with each other, to produce additional soft hadrons in the event,
known as the underlying event.

Parton shower algorithms are developed by studying the amplitude to emit an additional parton
into a given process. This is enhanced in two kinematic regions: collinear, where two massless partons
are much closer to each other than any others or where a massless parton is close to the incoming proton
direction; and soft, where a gluon is much softer than any other parton. In both cases the enhanced terms
are universal, allowing a factorisation of emission by a system of partons from the process that produced
them. In the collinear case, this factorisation works at thelevel of cross sections, so it is not surprising
that a probabilistic approach can be set up. In the soft case however, the factorisation theorem is valid
at amplitude level and it turns out that in any given configuration, many different amplitudes contribute
equally. It therefore seems impossible to avoid quantum mechanical interference and so to set up the
evolution in a probabilistic way. The remarkable result though is that, due to coherence between all the
coloured partons in an event, the interference is entirely destructive outside angular-ordered regions of
phase space. This means that the soft emission can be incorporated into a collinear algorithm, simply
by choosing the emission angle as its evolution variable, asis done inHERWIG. The most important
effects of coherence can be approximately incorporated by using some other evolution variable, like
virtuality, and vetoing non-angular-ordered emission, asis done in PYTHIA . If the colour-coherence is
not treated at all, one obtains the wrong energy-dependenceof jet properties. Such models, likeISAJET,
are completely ruled out bye+e− annihilation data. Colour coherence effects are also important in
determining the initial conditions for the parton evolution, resulting in physically-measurable inter-jet
effects [292], which are also in disagreement withISAJET.

Since the top quark decays faster than the typical hadronisation time, its width cuts off the parton
shower before the infrared cutoff. Its decay then acts as an additional hard process and the resulting
bottom quark (and two more partons if the W decays hadronically) continue to evolve. Additional coher-
ence effects mean that radiation from the top quark is suppressed in the forward direction (the dead cone
effect), as is radiation in the W direction in the top decay. These effects are again included inHERWIG,
partially included in PYTHIA and not included inISAJET. Since the top quark is coloured, theb quark in
its decay is colour-connected to the rest of the event, meaning that its properties are not necessarily the
same as in a ‘standard’b production event. As mentioned in Section 4.6 and as discussed in more detail
in [64], such non-universal effects are small.

Although parton showers are reliable for the bulk of emission, which is soft and/or collinear, it is
sometimes the rare hard emissions that are most important indetermining experimental systematics and
biases. Such non-soft non-collinear emission should be well described by NLO perturbation theory, since
it is far from all divergences. However, it is not straightforward to combine the advantages of the parton
shower and NLO calculation, so it has only been done for a few specific cases. Most notable for hadron-
hadron collisions are the Drell-Yan process, for which matrix element corrections are included in both
HERWIGand PYTHIA , and top decay, which is included inHERWIGand discussed earlier in Section 4.62
in this report. The corrections to Drell-Yan events are particularly important at high transverse momenta,
where the uncorrected algorithms predict far too few events. It is likely that implementing corrections to
tt̄ pair production would cure the analogous deficit at highptt̄

T seen in Fig. 7.

Hadronisation models describe the confinement of partons into hadrons. Although this process
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is not well understood from first principles, it is severely constrained by the excellent data from LEP,
SLD and HERA. The string model, used by PYTHIA , and the cluster model, used byHERWIG, both
take account of the colour structure of the perturbative phase of evolution, with colour-connected pairs
producing non-perturbative singlet structures that decayto hadrons. The biggest difference between these
models is in how local these colour-singlet structures are.In the string model they stretch from a quark
(or anti-di-quark) via a series of colour-connected gluonsto an antiquark (or di-quark). In the cluster
model each gluon decays non-perturbatively to a quark-antiquark pair and each resulting quark-antiquark
singlet (coming one from each of two colour-connected gluons) decays to hadrons. The independent
fragmentation model, used byISAJET, on the other hand, treats each parton as an independent source of
hadrons and is strongly ruled out bye+e− data, for example on inter-jet effects in three-jet events,the
so-called string effect. Of the other two models, PYTHIA gives the better description ofe+e− data, but
HERWIG also gives an adequate description, despite having a lot fewer adjustable parameters.

Models of the underlying event are not strongly constrainedby either theoretical understanding or
experimental data. Two extreme models are available and thetruth is likely to lie between them. In the
soft model, used inHERWIG, the collision of the two proton remnants is assumed to be like a minimum
bias hadron-hadron collision at the same energy. A simple parametrisation of minimum bias data (from
UA5 [293]) is used with little additional physics input. In the mini-jet model, used in PYTHIA and
available as an additional package forHERWIG, on the other hand, the remnant-remnant collisions act as
a new source of perturbative scattering, which ultimately produce the hadrons of the underlying event.
To avoid regions of unstable perturbative predictions and problems with unitarity, a cutoff must be used,
pt,min ∼ 1 GeV. Presumably for a complete description, some soft modelshould describe the physics
below pt,min such that the results do not depend critically on its value. Unfortunately no such model
exists at present. Although the two models give rather similar predictions for average properties of the
underlying event, they give very different probabilities for the rare fluctuations that can be most important
in determining jet uncertainties. This is an area that needsto be improved before LHC running begins.

D2 Parton-level Monte Carlos

With few exceptions (e.g. 3 or 4-jet final states ine+e− collisions) multi-jet final states are not accurately
described by the shower MC’s described above. This is because emission of several hard and widely sep-
arated partons is poorly approximated by the shower evolution algorithms, and exact (although perhaps
limited to the tree level) matrix elements need to be used to properly evaluate quantum correlations.
Parton-level Monte Carlos are event generators for multi-parton final states, which incorporate the exact
tree-level matrix elements. They can be used for parton-level simulations of multi-jet processes, under
the assumption that each hard parton will be identified with afinal-state physical jet with momentum
equal to the momentum of the parent parton. Selection and analysis cuts can be applied directly to the
partons. In some cases, the partonic final states can be used as a starting point for the shower evolution
performed using a shower MC such asHERWIG, PYTHIA , or ISAJET. For a discussion of the problems
involved in ensuring the colour-coherence of the shower evolution when dealing with multi-parton final
states, see [294].

In the following, we collect some information on the most frequently used parton-level MCs used
in connection with top quark studies.

D21 VECBOS29

VECBOS [150] is a Monte Carlo for inclusive production of aW -boson plus up to 4 jets or aZ-boson
plus up to 3 jets. VECBOS is therefore a standard tool used in the simulation of backgrounds tott̄
production. The matrix elements are calculated exactly at the tree level, and include the spin correlations
of the vector boson decay fermions with the rest of the event.Various parton density functions are

29 VECBOSauthors: F.A. Berends, H. Kuijf, B. Tausk and W.T. Giele. Contacts: giele@fnal.gov
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available and distributions can be obtained by using the kinematics of the final state, available on an
event-by-event basis together with the corresponding event weight. The code and its documentation can
be obtained from:

http://www-theory.fnal.gov/people/giele/vecbos.html
Documentation on the use of VECBOS within ATLAS can be found in [295].

D22 CompHEP30

CompHEP is a package for the calculation of elementary particle decay and collision properties in the
lowest order of perturbation theory (the tree approximation). The main purpose of CompHEP is to gener-
ate automatically transition probabilities from a given Lagrangian, followed by the automatic evaluation
of the phase-space integrals and of arbitrary distributions. The present version has 4 built-in physical
models. Two of them are the versions of the Standard Model (SU(3)xSU(2)xU(1)) in the unitary and
t’Hooft-Feynman gauges. The user can change the models or even create new ones.

The symbolic part of CompHEP allows the user to perform the following operations:

1. to select a process by specifying incoming and outgoing particles for the decays of1 → 2, . . . , 1 →
5 types and the collisions of2 → 2, . . . , 2 → 4 types,

2. to generate Feynman diagrams, calculating the analytical expressions for the squared matrix ele-
ments,

3. to save the algebraic symbolic results and to generate theoptimizedFortran andC codes for the
squared matrix elements for further numerical calculations.

The numerical part of CompHEP allows to convolute the squared matrix element with structure functions
and beam spectra, to introduce various kinematic cuts, to introduce a phase space mapping in order to
smooth sharp peaks of a squared matrix element, to perform a Monte Carlo phase space integration by
VEGAS, to generate events and to display distributions for various kinematic variables. Recently, an
interface with PYTHIA has been created [283]. This allows to perform realistic simulations of the process
including hadronisation effects as well as the effects of the initial and final state radiation.

The CompHEP codes and manual are available from the following Web sites:
http://theory.npi.msu.su/ ∼comphep
http://www.ifh.de/ ∼pukhov

D23 ALPHA31

ALPHA is an algorithm introduced in [296] for the evaluation of arbitrary multi-parton EW matrix el-
ements. This algorithm determines the matrix elements froma (numerical) Legendre transform of the
effective action, using a recursive procedure which does not make explicit use of Feynman diagrams. The
algorithm has a complexity growing like a power in the numberof particles, compared to the factorial-
like growth that one expects from naive diagram counting. This is a necessary feature of any attempt
to evaluate matrix elements for processes with large numbers of external particles, since the number of
Feynman diagrams grows very quickly beyond any reasonable value.

An implementation ofALPHA for hadronic collisions was introduced in [294], where the algorithm
was extended to the case of QCD amplitudes (see also [297]). The main aim of the hadronic version of
ALPHA is to allow the QCD parton-shower evolution of the multi-parton final state, in a way consistent
with the colour-coherence properties of the soft gluon emission dynamics. This is achieved by evaluating
the QCD amplitudes in an appropriate colour basis [294], such that the assignement of a specific colour
flow configuration on an event-by-event basis. The pattern ofcolour flow defines the colour currents

30 CompHEP authors: A. Pukhov, E. Boos, M. Dubinin, V. Edneral,V. Ilyin, D. Kovalenko, A. Kryukov, V. Savrin,
S. Shichanin, A. Semenov. Contacts: pukhov@theory.npi.msu.su, ilyin@theory.npi.msu.su

31 ALPHA authors: F. Caravaglios, M. Moretti. The version for hadronic collisions received additional contributions from
M.L. Mangano and R. Pittau. Contact: moretti@fe.infn.it

102

http://www-theory.fnal.gov/people/giele/vecbos.html
http://theory.npi.msu.su/~comphep
http://www.ifh.de/~pukhov


required to implement the angular ordering prescription which embodies, at the leading order in the1/Nc

expansion, the quantum coherence properties of soft-gluonradiation, as discussed in Appendix D1. A
version of the code is being completed [298], which incorporates the evaluation ofWbb̄+n jets (n ≤ 4),
with all b-mass effects included. This program will allow a complete evaluation of theW+ multijet
backgrounds to single top andtt̄ production. The code contains 3 modules: the first for the generation
of parton-level events, with the assignement of partonic flavours, helicities and colour flows. The second
for the unweigthing of the events, and the third for the parton-shower evolution of the initial and final
states, done using theHERWIG MC. The code will soon be available from the URL:

http://home.cern.ch/ ∼mlm/alpha
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[32] D. Bardin, M. Grünewald and G. Passarino, hep-ph/9902452; G. Degrassi, P. Gambino and A. Sir-

lin, Phys. Lett.B394, 188 (1997) hep-ph/9611363.
[33] G. Degrassi, P. Gambino, M. Passera and A. Sirlin, Phys.Lett. B418, 209 (1998) hep-ph/9708311.
[34] S. Heinemeyer, T. Mannel and G. Weiglein, hep-ph/9909538.
[35] S. Heinemeyer, W. Hollik and G. Weiglein, Eur. Phys. J.C9, 343 (1999) hep-ph/9812472.
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